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CHAPTER I
INTRODUCTION
Man by n a t u r e  i s  v e r y  o b s e r v a n t .  The c o n c l u s i o n s  o f  h i s  
a g e l o n g  o b s e r v a t i o n s  fo r m ed  t h e  b a s e s  o f  t h e  Laws o f  S c i e n c e .  I n  a 
c a s e  w h e r e  human s e n s e s  a r e  i n a d e q u a t e  f o r  t h e  d i r e c t  o b s e r v a t i o n  o f  a 
phenom enon ,  h e  b o r r o w s  c o n c e p t s  and  e x p r e s s i o n s  f r o m  t h e  a l r e a d y  w e l l -  
known p r o c e s s e s ,  and b u i l d s  p i c t u r e s  and m o d e l s  f o r  t h e  d e s c r i p t i o n  o f  
t h e  p r o c e s s .
I n  d e a l i n g  w i t h  n u c l e a r  p h y s i c s ,  t h i s  s i t u a t i o n  p r e v a i l s .  
A tomic  d i m e n s i o n s  a r e  a l r e a d y  much t o o  s m a l l  f o r  d i r e c t  v i s u a l  o b s e r v a ­
t i o n s ,  ev e n  i f  t h e  m o s t  p o w e r f u l  m i c r o s c o p e s  a r e  u s e d .  The d i a m e t e r  o f  
-8t h e  a tom i s  ^  10 cm, and t h a t  o f  t h e  n u c l e u s  i s  o f  t h e  o r d e r  o f
i n “ 1210 cm.
The many body p r o b l e m  i n v o l v e d  i n  t h e  t h e o r e t i c a l  d e s c r i p t i o n  
o f  t h e  n u c l e a r  s y s t e m  c a n n o t  b e  s o l v e d  a t  t h e  p r e s e n t  t i m e  b e c a u s e  
i )  t h e  n u c l e a r  f o r c e s  a r e  n o t  s u f f i c i e n t l y  w e l l - k n o w n  ( p a r t i c u l a r l y  
when t h e r e  a r e  more  t h a n  two n u c l e o n s )  an d  i i )  t h e  p r o b l e m  bec o m e s  
v e r y  d i f f i c u l t  b e c a u s e  o f  t h e  number  o f  d e g r e e s  o f  f r e e d o m ,  i . e .  3 A 
( i f  o n e  i g n o r e s  t h e  s p i n  v a r i a b l e ) ,  w h e re  A i s  t h e  t o t a l  number o f  
n u c l e o n s  i n  t h e  s y s t e m .
The quan tum m e c h a n i c a l  a p p r o a c h  w ork s  v e r y  w e l l  f o r  some 
c a s e s ,  b u t  b ec omes  i m p o s s i b l e  f o r  a l l  n u c l e a r  p r o b l e m s  due t o  t h e  
c o m p l i c a t e d  m a t h e m a t i c s .  H e re  t h e  t h e o r e t i c a l  p h y s i c i s t  p r o v i d e s  u s  
w i t h  a  model  u s i n g  t h e  e x p r e s s i o n s  and c o n c e p t s  b o r r o w e d  f r o m  a t o m i c  
p h y s i c s .  The v a l i d i t y  o f  t h e  m ode l  i s  t e s t e d  by  e x p e r i m e n t ,  b u t  
o n c e  a  model  i s  p r o v e d  t o  b e  a p p l i c a b l e ,  i t  c a n  b e  u s e d  t o  p r e d i c t  m o re  
d e t a i l e d  p r o p e r t i e s  o f  q u a n t i t i e s  u n d e r  c o n s i d e r a t i o n ,  o r  f o r  c o m p a r i n g  
s i m i l a r  a s p e c t s  o f  o t h e r  m o d e l s .
One o f  t h e  m o s t  f r u i t f u l  means  o f  i n v e s t i g a t i n g  n u c l e a r  m o d e l s  
and n u c l e a r  wave f u n c t i o n s  i s  t h e  s t u d y  o f  e l e c t r o - m a g n e t i c  t r a n s i t i o n s  
b e t w e e n  n u c l e a r  e x c i t e d  s t a t e s .  The t h e o r e t i c a l  t r a n s i t i o n  p r o b a b i l i t y  
o f  a  bound e x c i t e d  s t a t e ,  i . e .  t h e  r e c i p r o c a l  o f  t h e  l i f e t i m e  o f  t h e
2 .
s t a t e ,  i s  g iv e n  by a w e l l -u n d e rs to o d  model and depends on th e  m u l t i ­
p o l a r i t y  and th e  energy o f  th e  y - ra y  t r a n s i t i o n ,  and th e  p r o p e r t i e s ,  
i . e .  an g u la r  momenta and p a r i t i e s ,  o f  th e  s t a t e s  invo lved  in  th e  
t r a n s i t i o n .  These p r o p e r t i e s  have been i n v e s t ig a t e d  h e r e ,  u s in g  th e  
(P»ny) r e a c t i o n  to  s tu d y  th e  lo w - ly in g  e x c i te d  s t a t e s  in  some o f  th e  
odd-odd n u c le i  in  th e  62 <_ A £  70 r e g io n ,  and th e  odd-A n u c leu s  o f  
^ T i .  The s tudy  o f  th e  odd-odd n u c l e i  i s  im p o rtan t  from two p o in t s  
o f  view:
i )  th e  ex p er im en ta l  and th e  t h e o r e t i c a l  in fo rm a t io n  a v a i l a b l e  
on th e s e  n u c l e i ,  p a r t i c u l a r l y  in  t h i s  r e g io n ,  i s  q u i t e  
s c a n t ;
i i )  i t  y i e l d s  in fo rm a t io n  on th e  r e s i d u a l  i n t e r a c t i o n  between 
n e u t ro n s  and p r o t o n s .
The (p ,ny) r e a c t i o n  was used  as  i t  has c e r t a i n  advan tages  over a l t e r n a t i v e  
r e a c t i o n s  o r  methods o f  e x c i t i n g  n u c le a r  s t a t e s .
1) The r e a c t i o n  i s  c o n s id e re d  to  p roceed  th rough  a compound 
n u c leu s  p ro c e ss  and does no t show v e ry  s t ro n g  dependence on
th e  p r o p e r t i e s  o f  th e  r e s i d u a l  s t a t e .  U nlike  d i r e c t  r e a c t i o n s ,
in  which s in g le  p a r t i c l e  s t a t e s  a re  u s u a l l y  p r e f e r e n t i a l l y
e x c i te d ,  th e  r e a c t i o n  (p ,ny) can be expected  t o  p o p u la te  a lm ost
a l l  s t a t e s  and th u s  prove to  be a v e ry  u s e f u l  to o l  to  d e te rm in e
a more com plete  l e v e l  scheme. The o n ly  r e s t r i c t i o n  a r i s e s  from
th e  f a c t  t h a t  th e  t r a n s m is s io n  c o e f f i c i e n t s  f o r  th e  p a r t i a l  waves
d e c re a se  r a p i d l y  w ith  h ig h e r  a n g u la r  momentum. T h e re fo re  l e v e l s
a re  u s u a l l y  no t observed  i f  t h e  t r a n s i t i o n  r e q u i r e s  a change in
sp in  v a lu e s  o f  AI ^ 5. (Fi 70 ) .  The p o in t  i s  made c l e a r  by
f i g .  1 .1 ,  which shows th e  dependence o f  t r a n s m is s io n  c o e f f i c i e n t s
on th e  p ro to n  bombarding energy  and th e  a n g u la r  momentum L f o r
n
n e u tro n s  p o p u la t in g  a s t a t e  a t  1203.4 keV energy  in  70Ga.
2) For most o f  th e  c a se s  th e  r e a c t i o n  i s  endo therm ic , so t h a t  one 
can p o p u la te  th e  l e v e l s  s e l e c t i v e l y  by a s y s te m a t ic  in c r e a s e  in  
th e  in c id e n t  p ro to n  energy . C onsequen tly ,  s u c c e s s iv e  r e g io n s  
o f  th e  l e v e l  scheme can be i n v e s t i g a t e d  w ith o u t i n t e r f e r e n c e  o f  
y - t r a n s i t i o n s  from th e  l e v e l s  h ig h e r  in  e x c i t a t i o n .  T h is  i s  
in  c o n t r a s t  to  th e  s t u d i e s ,  s a y ,  w ith  3 -decay , where such a 
p ro ced u re  i s  no t p o s s i b l e .
Figure 1.1 Neutron transmission coefficients as a function 
of proton bombarding energy and neutron angular 
momenta in the 70Zn(p,n)70Ga reaction.
Zn( p,n) Go
NEUTRONS TO 1203 keV 
STATE IN 7 0 Go
B Ep=302
C Ep=2-82
Fig. 1.1.
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3) * If the incident centre of mass proton energy is slightly
above the threshold for excitation of the level of interest, 
the outgoing neutrons have zero orbital angular momentum.
This gives the maximum alignment of the state, and thus the 
maximum anisotropy in the y-ray angular distributions.
Assuming compound nucleus formation, the spin and parity 
assignments may then be deduced from a comparison of the 
experimental distributions with the theoretical predictions.
The relevant data for J assignments can often be obtained 
from simple angular distribution measurements in a much 
shorter period of time than through a more complicated n-y 
coincidence experiment.
4) * For the study of odd-odd nuclei, the target nucleus for the
(p,ny) reaction will be an even-even nucleus with a ground
TT +state J of 0 . Thus alignment for most of the states 
(with J  ^ 1) will be obtained and therefore the angular 
distributions of most of the y-rays can be expected to be 
anisotropic.
5) * In the region of the f y ^  the (Pj^y ) reaction is
particularly useful for studying odd-A nuclei. Model 
calculations for the odd mass nuclei predict low-lying 
states with spin values as high as 11/2 or 13/2 (Me 64,
Ma 66, Jo 69). Starting from 5/2 and/or 7/2 target 
spins, the (p,ny) reactions need only £ = 2 or 3 to 
populate final aligned states with spins up to 11/2 or 13/2.
On the other hand, single particle reactions of the type 
(d,p) etc., will need even-even target nuclei (ground state 
spin zero) to start with, and the transferred particle, 
therefore, would require i = 5 to excite a 11/2 state.
Hence these high spin states will be very weakly populated 
through the usual single particle transfer reactions.
The alignment of the nuclear states, and the last three points 
given in favour of the (p,ny) reaction,are discussed in detail in 
Section 2.2 of the Chapter 2.
* See Section 2.2, Chapter 2.
4.
Details of the study of the odd-odd nuclides i.e. 62Cu,
65Ga and /0Ga are given in Chapter 2, and that of 45Ti in Chapter 3.
Chapter 4 deals with the lifetime measurements for some of 
the states in these nuclei using the Doppler-shift attenuation method 
and the direct timing technique.
Chapter 5 gives a summary of the results, and the conclusions.
5 .
CHAPTER 2
IN-BEAM STUDY OF PROMPT GAMMA-RAYS FOLLOWING 
THE ( p , n )  REACTIONS ON 62Ni  and 6 6 >7 0zn 
TARGET NUCLEI
2 . 1  INTRODUCTION
T h i s  c h a p t e r  d e a l s  w i t h  t h e  m e a s u r e m e n t s  made on p r o m p t  gamma 
r a y s  f o l l o w i n g  t h e  compound n u c l e a r  r e a c t i o n  ( p , n )  on 62N i ,  66Zn and 
7^Zn t a r g e t  n u c l e i .  The i n f o r m a t i o n  e x t r a c t e d  f rom t h e s e  m e a s u r e m e n t s  
h a s  b e e n  m a i n l y  d i r e c t e d  t o  t h e  s p e c t r o s c o p y  o f  e x c i t e d  s t a t e s .  The 
p r o p e r t i e s  o f  t h e  e x c i t e d  s t a t e s  s o u g h t  i n  t h e s e  e x p e r i m e n t s  w e re  t h e i r  
e x c i t a t i o n  e n e r g i e s ,  gamma r a y  d e c a y  schemes  an d  a n g u l a r  momenta .  In  
c a s e s  o f  m ixed  m u l t i p o l e  t r a n s i t i o n s ,  t h e  m i x i n g  r a t i o  6 was a l s o  
o b t a i n e d  w he re  p o s s i b l e .
A t h e o r e t i c a l  f o r m a l i s m  b a s e d  on t h e  compound n u c l e a r  
mechan i sm  f o r  t h e  a n g u l a r  d i s t r i b u t i o n s  o f  gam m a- ra ys  p r o d u c e d  i n  t h e  
r e a c t i o n s  o f  t h e  t y p e  X ( a , b y ) Y  h a s  b e e n  d e v e l o p e d  b y  H a u s e r  and 
F e s h b a c h  (Ha 5 2 ) ,  B i e d e n h a r n  and R o se  (Bi 53) and S a t c h l e r  (S a  54 ,
Sa 56 ,  Sa 5 8 ) .  S h e l d o n  (Sh 63 ,  Sh 64) h a s  shown t h a t  a n g u l a r  d i s ­
t r i b u t i o n  m e a s u r e m e n t s  c a n  y i e l d  i n f o r m a t i o n  r e g a r d i n g  n u c l e a r  l e v e l  
s p i n s  an d  t h e  m u l t i p o l e  m i x i n g  r a t i o s  o f  t h e  gam m a- ra y  t r a n s i t i o n s .
The t h e o r e t i c a l  and e x p e r i m e n t a l  s i t u a t i o n  r e g a r d i n g  t h e  a n g u l a r  
d i s t r i b u t i o n s  o f  i n e l a s t i c a l l y  s c a t t e r e d  n u c l e o n s  an d  s u c c e e d i n g  y - r a y s  
on t h e  b a s i s  o f  a compound n u c l e a r  m ech a n i sm  was r e v i e w e d  by S h e l d o n  
and Van P a t t e r  i n  1966 (Sh 66)  a n d ,  more  r e c e n t l y ,  by  S h e l d o n  and 
S t r a n g  (Sh 69) i n  1969.  In  t h e  c o n c l u s i o n  o f  t h e i r  r e v i e w  a r t i c l e ,  
S h e l d o n  and Van P a t t e r  (Sh 66)  p o i n t e d  o u t  t h a t ,  t o  a  l a r g e  e x t e n t ,  
p e r t i n e n t  m e a s u r e m e n t s  h a d ,  u n t i l  t h e n ,  b e e n  c o n c e n t r a t e d  on a n g u l a r  
d i s t r i b u t i o n s  o f  y - r a d i a t i o n  f o l l o w i n g  t h e  i n e l a s t i c  s c a t t e r i n g  o f  
n e u t r o n s  o r  p r o t o n s ,  a l t h o u g h  t h e  t h e o r y  s h o u l d  b e  e q u a l l y  a p p l i c a b l e  
t o  s u c h  r e a c t i o n s  a s  t h e  ( p , n  ) p r o c e s s .  T h e y ,  t h e r e f o r e ,  recommended 
t h e  i n v e s t i g a t i o n  o f  ( p , n )  an d  ( p , n y )  d i s t r i b u t i o n s  a t  l o w e r  i n c i d e n t  
e n e r g i e s  w he re  t h e  compound n u c l e a r  p r o c e s s  i s  e x p e c t e d  t o  p r e d o m i n a t e .
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The validity of the statistical model compound nuclear 
process for the (p,n) reaction near threshold was then demonstrated 
experimentally by Birst ein et al. (Bi 68). They investigated excited 
levels in ^Ni, 6^Zn and ®®Ga both by (p,n) and (a,n) reactions and 
measured angular distributions for certain decay y-rays. Within the 
framework of the Hauser-Feshbach (Ha 52) theory, both reactions led to 
the same results concerning the spins of excited levels and the multi­
pole mixing ratios of the relevant y-transitions. The experimental 
procedures adopted in the present experiments closely follow those 
adopted by Birstein et al. (Bi 68). The individual levels were inves­
tigated by exciting them successively. Experimental y-ray distributions 
from the excited states were compared to the predictions of the compound 
nucleus model of Sheldon and Van Patter (Sh 66).
2.2 GENERAL CONSIDERATIONS
2.2.1 Alignment in angular distributions
The radiation pattern or angular distribution of a y-ray 
transition from a I ^ M p  state to a |j 2M2> state, where J and M are the 
total spin and magnetic quantum numbers respectively, depends on L, the 
multipolarity of the radiation, and the modulus of the corresponding 
magnetic quantum number AM, where AM = M l - M2. These radiation 
patterns are very distinctive and consequently it is often possible, 
by measuring the total radiation pattern for a transition between 
states involving only a few magnetic substates, to deduce the relative 
intensities of the various components of the radiation patterns. In 
such a case where the total radiation pattern is an incoherent super­
position of more than one radiation pattern, the relative intensities 
of the radiation for each transition Mx -> M2 are proportional to the 
amount of the population of the substate Mx and to the square of the 
relevant matrix element
|<J2M2L AM IVIJ!Mx > 2.1
where V is the interaction which causes the transition.
The use of the Wigner-Eckart theorem separates the geometrical and
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dynamical aspects of the transitions. We therefore get
|<J2M2L AMlvIJiMp = (J2M2L AMlJjMj) x
<J21 IVI IJi> 2.2
where <J2 1|V]|Ji> is called the reduced matrix element of V and is 
independent of M]_, M2 and AM. Therefore the observed radiation 
pattern is, for the case of symmetry about the Z-axis,
w (0> I P(Mi)(J2M2LAM|J1M1)2|<J21 IvI IJi>I2
m1m 2
AM <_ L
FL, I AM I ^  2'3
where fLj|am| is the radiation pattern for the multipolarity L and 
magnetic quantum number AM, (J2M2LAM | ) is a vector addition or
Clebsch-Gordon coefficient, and P(MX) is the population of the substate 
M, normalized so that
I P(Mi) = 1 2.4
Mj
The reduced matrix element can be taken outside the summation 
and does not affect the observed pattern. The observed total radiation 
pattern or the angular distribution W(0), therefore, depends only on the 
population parameters and the angular momentum quantum numbers. If the 
population parameters can be determined, then, from the measurement of 
the radiation pattern, it is possible to obtain information regarding the 
angular momenta involved in the transition.
Normally, for a nuclear level with spin J, all 2J + 1 magnetic 
substates will be equally populated. The incoherent superpositions of 
the radiation patterns from all possible M values in this case will make 
the total radiation from such a level isotropic. To observe an 
anisotropic radiation pattern, at least some degree of alignment of the 
angular momentum vector relative to some defined Z-axis, will have to be
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achieved. A nucleus in a state with spin J is said to be aligned if 
the populations, P(M), of all the 2J + 1 magnetic substates are not all 
equal but P(-+M) = P(-M). If P(M) f P(-M), the nucleus is said to be 
polarized. Clearly the higher the degree of alignment (i.e. fewer 
contributing magnetic substates of the emitting state) the easier is 
the interpretation of the observed pattern in terms of angular momenta. 
It is also clear that in general it is desirable that the number of 
con.tr ibuting magnetic substates of the final state be as small as 
possible. Therefore it is expected that in most cases the inter­
pretation of the observed radiation pattern will become more difficult 
as the final state angular momentum increases.
An effective method of producing aligned nuclei is by a 
nuclear reaction. If the reacting system in which the state |JM> 
is formed is invariant under reflection in the plane normal to the 
beam, then P(M) = P(-M) if the beam is taken as defining the axis of 
quantization. The next section describes how the maximum nuclear 
alignment can be obtained by performing the measurements just above 
the threshold of the level under study.
As soon as the state ]JM> is formed the direction of the 
nuclear spin vector will start to precess under the influence of 
atomic fields, and so any alignment very quickly disappears. For 
states with a lifetime greater than approximately 10~10 sec (Fe 65), 
the de-alignment is likely to be significant and the y-ray distribution 
can be again nearly isotropic.
2.2.2 Measurements near threshold
The reactions of the (p,ny) type usually have negative 
Q-values and thus the incident proton energy may be adjusted to be 
sjightly above the threshold for excitation of the level under study.
In these circumstances the energy of the outgoing neutron is small 
thus favouring the compound nuclear mechanism. Secondly the 
excitation of the higher levels is avoided and difficulties from 
cascading y-rays are obviated.
An important advantage of the ability to work only a little 
above threshold arises in the measurement of angular distributions.
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If the direction of the beam is taken to be the Z-axis, i.e. axis of 
quantization, the incoming plane wave will have = 0, where 
denotes the projection of orbital angular momentum on the Z-axis.
Since near threshold the outgoing neutrons will predominantly be s-wave 
(£ = 0) the excited level must have M,s|j + l|, where J denotes
the ground state spin of the target and J is the spin of the excited 
level in the final nucleus. Hence if J>>|Jq + l|, the excited state 
is a highly aligned state with high occupation only for small |M^ |.
This alignment depends little on the mechanism of the reaction. The 
anisotropy of the gamma ray therefore depends only on the spins of 
states involved and on the multipole character of the gamma ray. For 
J>|jQ + l| the anisotropies are large and often permit unique determina­
tion of an unknown J. Obviously Jq = 0 spin for the target nuclei in 
(p,ny) reactions are very favourable for angular distribution measure­
ments. Starting with a high JQ target spin means that all the states 
with J < Jq will give approximately isotropic emission of y-rays with 
respect to the Z-axis.
On the other hand the measurements made with the higher 
incident energies will involve p-wave (£^ = 1) and d-wave (£ = 2)
neutrons. This means that the magnetic substates up to 
|jQ + 1 + l| and |jQ + 1 + 21 can be populated respectively, i.e. the 
degree of nuclear alignment is decreased in comparison to that in the 
case of s-wave neutrons. However, in the case of higher bombarding 
energies the degree of alignment can be kept at a maximum by using 
angular correlation Method II of Litherland and Ferguson (Li 61).
Here the y-ray from a reaction of the type X(a,by)Y is detected in 
coincidence with the particle b being detected at 0° or 180° to the 
beam direction, so that the axial symmetry about the Z-axis is not 
destroyed. The axial detection of particle b ensures that there is 
no projection of orbital angular momentum on the beam axis. Angular 
momentum conservation implies that the only magnetic substates of Y 
which can be populated are those which satisfy
I Ml < J + S + Su 2.51 1 —  x a b
where Sa and are the intrinsic spins of the incident particle a 
and the outgoing particle b respectively. Thus a strongly aligned
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ensemble of nuclei may be produced if J >> J + S + S, .
The bombarding energies in the present measurements, however, 
were always kept less than 500 keV above the threshold of the level 
under investigation. For these energies the reaction predominantly 
proceeds through the compound nuclear process (Jo 64, see also Section 
2.4.3.2 of this chapter) and the compound nucleus Statistical Model 
Theory (Ha 52, Sa 54, Sa 56, Sa 58) documented by Sheldon and Van 
Patter (Sh 66) is considered to be applicable for the y-ray angular 
distributions.
2.2.3 Angular distribution formula
The systematics of a compound nucleus process of the type 
(p,ny) has been shown in fig. 2.2.1. For the y-ray angular distribu­
tions following a (p,n) reaction involving a transition sequence
Jono(jx = Ä1 ± HDJini(j2 = *2 ± >2)J2n2(L,L')J3ii3 2.6
Sheldon and Van Patter give the differential cross section as
i * 2 I 8 nvC W 0Ji! S1>
x (LL’J3J2) t P^(cos02), 2.7
which is a function of the emergence angle 02 referred to the 
incident beam direction. The summation extends over j , j2 and 
v, (v = 0, 2, 4, -- ), whose range is given by
0 £  v <_ (2j , 2JX, 2J2, 2L) 2.8
n , and A^ in (2.7) are linking parameters for proton, unobserved 
neutron and y-transitions respectively. 9c is the rationalized wave 
length of the particle initiating the reaction and g is the statistical
Figure 2.2.1 The systematics of a compound nucleus process 
of the type X(a,by)Y
Fig. 2.2.1.
1 1 .
s p in  f a c t o r
g = J 12/ ( S - J 0 ) 2 2 .9
u.
where J  = (2J + 1) 2 . The Hauser -Feshbach  p e n e t r a b i l i t y  term t i s  
d i s c u s s e d  below.
S u b s t i t u t i o n  o f  t h e  r e q u i s i t e  Racah f u n c t i o n s  r e d u c e s
(2 .7 )  to
i y -  = ^  tf2 I  N'C'W'MCS) t Pv (cos02) 2.10
where
J n + J 3 ~ i 2  + H - '
N' = ( - )  CJi ) 4 ü 1) 2 CJ2) 2/CJ0) 2 , 2.11
C’ = <v 0 | j 1j 1i^  - 1^>, 2.12
W = WCJX j i j x ; v J Q) W ( J i J j J g J a ;  v j 2) 2.13
M(6) = (1 + 62) ' 1 [M(LL) + 2<5M(LL')  + 62M ( L 'L ' ) ] ,  2.14
where
M(LL') = LL’ < vO|LL' 1 - 1> W(J2J 2LL'; vJ 3) 2.15
The f u l l  d e s c r i p t i o n  of  t h e  l i n k i n g  pa ram e te rs  and t h e  development o f  
t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  f o r  t h e  y - r a y  d i s t r i b u t i o n s  fo l l o w in g  
t h e  (p,n)  r e a c t i o n  a r e  g iv e n  i n  appendix  1.
In t h e  fo rmulae  (2 .7 )  and ( 2 .1 0 ) ,  t h e  model dependence i s  
given  by th e  Hauser -Feshbach  p e n e t r a b i l i t y  te rm which c o r re s p o n d s  
to  a p roduc t  o f  reduced  m a t r i x  e lem en ts .  The term t , which con­
s t i t u t e s  a measure o f  th e  r e l a t i v e  p r o b a b i l i t y  o f  b a r r i e r  p e n e t r a t i o n  
by th e  incoming and ou tgo ing  p a r t i c l e s ,  i s  a f u n c t i o n  o f  t r a n s m i s s i o n
1 2 .
c o e f f i c i e n t s  (E) ,
t = TW El) V e>
where th e  sum ex tends  over  a l l  p o s s i b l e  chan n e ls  f o r  th e  decay o f  th e  
CN s t a t e  J i l l ^ . As one sums over th e  an g u la r  momenta a s s o c ia t e d  w ith  
fo rm a t io n  and decay o f  th e  compound s t a t e s  one sums over t h e  c o r re s p o n d ­
ing num erica l t v a lu e s .
In th e  H auser-Feshbach  th eo ry ,  i t  i s  assumed t h a t  th e  CN 
s t a t e s  o v e r la p  so s t r o n g ly  as  to  form a q uas i-con t inuum  and t h e i r  
r e l a t i v e  phases  a r e  d i s t r i b u t e d  random ly. A f u r t h e r  in h e re n t  assum ption  
i s  t h a t  th e  p a r t i a l  w id ths  o f  th e  r e s p e c t i v e  CN l e v e l s  a re  e s s e n t i a l l y  
c o n s ta n t .  I t  i s ,  however, w e ll  known now t h a t  th e  assum ption  i s  no t 
s t r i c t l y  v a l i d  in  most g e n e ra l  c irc u m s ta n c e s  because  o f  f l u c t u a t i o n s  
in  th e  w id ths  o f  th e  compound n u c le a r  l e v e l s  (La 57, Mo 61, Mo 64, Tu 65, 
Ga 66, Ma 69).  The p e n e t r a b i l i t y  te rm  t h e r e f o r e  needs to  be m od if ied
f o r  th e  g en e ra l  c a se  where th e  energy  ave rage  o f  a f l u c t u a t i n g  compound 
n u c le a r  c ro s s  s e c t i o n  i s  to  be e v a lu a te d  as  an av e rag e  over many compound 
s t a t e s ,  when th e  p a r t i a l  w id th s  o f  th e s e  s t a t e s  a r e  d i s t r i b u t e d  acco rd in g  
to  some assumed d i s t r i b u t i o n  law (Po 56).  In such a s i t u a t i o n ,  in  th e  
absence o f  d i r e c t  r e a c t i o n s ,  th e  o p t i c a l  model t r a n s m is s io n  c o e f f i c i e n t s  
T ^’s can be r e l a t e d  to  th e  compound n u c le a r  l e v e l  w id th s  T and th e  
spacing  between l e v e l s  o f  th e  same s p in  and p a r i t y  "D" by (Fe 60)
Tt j i  * 2n < r. > /  < d . >,
i  being  th e  channe l index .
2.17
Moldauer (Mo 61, Mo 64) has developed  a d e t a i l e d  fo rm u la t io n  
to  ta k e  in to  account th e  l e v e l  i n t e r f e r e n c e  and w id th  f l u c t u a t i o n s .
At th e  low bombarding e n e rg ie s  when th e  number o f  open 
channe ls  f o r  th e  compound n u c le u s  decay  i s  sm a l l ,  th e  i n c lu s io n  o f  w id th  
f l u c t u a t i o n s  c o r r e c t io n s  (wfc) re d u c e s  th e  i n e l a s t i c  c ro s s  s e c t i o n  
in  a b s o lu te  u n i t s  by a f a c t o r  o f  40% to  50% (Tu 65, Ma 67, Ma 69) .  The 
r e d u c t io n  in  c ro s s  s e c t io n  due to  wfc i s  s m a l le r  in  th e  ca se s  where 
s e v e ra l  l e v e l s  a r e  e x c i t e d .
1 3 .
Mathur e t  a l .  (Ma 69) s tu d ie d  th e  doub le  d i f f e r e n t i a l  
i n e l a s t i c  c ro s s  s e c t io n s  f o r  th e  r e a c t i o n  2tfM g(n ,n 'y )  a t  E^ = 3 .5  
MeV and th e  r e a c t i o n  55F e ( n ,n 'y )  a t  E^ = 2.05 MeV. In acco rdance  
w ith  th e  f in d in g s  o f  Sheldon and Van P a t t e r  (Sh 66) th e y  found t h a t  
w h i le  th e  a b s o lu te  c ro s s  s e c t io n s  in  b o th  t h e  ca se s  were a f f e c t e d  by 
f a c t o r s  o f  40% and 35% r e s p e c t i v e l y  due to  th e  wfc, th e  shape and 
th e  a n i s o t ro p y  o f  th e  y - d i s t r i b u t i o n s  were n o t  a l t e r e d  s i g n i f i c a n t l y  
w ith  t h i s  c o r r e c t io n .  Thus by m easuring  a n g u la r  d i s t r i b u t i o n s ,  
f i t t i n g  them w ith  Legendre po lynom ials  and n o rm a l iz in g  to  a = 1 o r  
a l t e r n a t i v e l y  to  W(90) = 1, a com parison between ex p er im en ta l  d a ta  
and t h e o r e t i c a l  p r e d i c t i o n s  in v o lv in g  d i f f e r e n t  sp in  sequences  and 
d i f f e r e n t  mixing r a t i o s  can be made w ith o u t  t a k in g  wfc i n t o  acc o u n t.  
Where th e  t h e o r e t i c a l  p r e d i c t i o n  f o r  a p a r t i c u l a r  sp in  sequence 
c o in c id e s  w ith  th e  ex p er im en ta l  d a ta  a p o s s i b l e  sp in  ass ignm en t may 
be made.
In a g e n e ra l  computer program "MANDY", Sheldon and Van 
P a t t e r  (Sh 66) have embodied a l l  th e  fundam ental e x p re s s io n s  n o t  o n ly  
f o r  th e  a b s o lu t e  c ro s s  s e c t io n  bu t a l s o  f o r  th e  a n g u la r  d i s t r i b u t i o n s  
norm alized  to  aQ = 1 and W(90) = 1. This  program was used to  e v a lu a te  
d i s t r i b u t i o n s  f o r  d i f f e r e n t  s p in  sequences . S ince  "MANDY" does not 
ta k e  th e  e f f e c t  of th e  e x i s t e n c e  o f  i s o b a r i c  analogue l e v e l s  in  th e  
compound nuc leus  p ro c e s s  (Ga 70, Gr 72) in to  ac c o u n t ,  th e  p ro to n  bom­
b a rd in g  e n e rg ie s  were c a r e f u l l y  s e l e c t e d  no t to  c o in c id e  w ith  ana logue  
re so n a n c e s  in  th e  compound n u c le u s .
For th e  most p a r t  th e  method used h e re  y i e ld s  o n ly  s p in  
ass ignm en ts  f o r  n u c le a r  l e v e l s ,  w ith  t h e i r  p a r i t i e s  depending on th e  
a v a i l a b i l i t y  o f  o th e r  in fo rm a t io n .  One such a n g u la r  d i s t r i b u t i o n  
r e p r e s e n t s  th e  sum o f  many a n g u la r  c o r r e l a t i o n s  over v a r io u s  compound 
s t a t e s ,  and i s  u s u a l l y  n e a r ly  p a r i t y  independen t.  However, s in c e  th e  
c o n t r i b u t i o n s  from v a r io u s  compound s t a t e s  a r e  w eighted acc o rd in g  
to  p e n e t r a b i l i t i e s  f o r  s p e c i f i c  incoming and o u tg o in g  p a r t i c l e  waves, 
t h e r e  can be a s i g n i f i c a n t  p a r i t y  dependence in  some c a s e s .
Most o f  th e  y - d i s t r i b u t i o n s  in  th e  p r e s e n t  s tu d y  have been 
found to  be i n s e n s i t i v e  to  th e  p a r i t y  change. Two exam ples, however, 
where th e  y - ra y  a n g u la r  d i s t r i b u t i o n s  showed s i g n i f i c a n t  dependence on 
th e  p a r i t y  a r e  th e  ca se s  o f  108.9 keV to  ground s t a t e  t r a n s i t i o n  in
65Ga and of 1353 keV ground state transition in 45Ti (see Sections 
2.5,5.1 and 3.3.4 respectively).
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Before the comparison between the experimental and
theoretical distributions can be made, a few other factors, however, 
will have to be taken into account. One of them is the effect of 
the finite size of the detector used. For an ideal point size 
detector the angular distributions can be expressed as
where 0 is the angle of emergence of radiation with respect to the 
axis of quantization. Since in practice the y-ray detector sub­
tends a finite solid angle at the target spot, the expression in 
equation (2.18), weighted by an appropriate efficiency factor, should 
be integrated over the acceptance angles 0 ’ of the detector. For a 
cylindrical detector with its axis of symmetry passing through the 
target spot the measured angular distribution is therefore
where e(3) is the efficiency of the detector for radiation travelling 
at an angle 8 to the detector axis, dfi is an element of solid angle, 
0 ’ is the angle between the direction of the radiation and the axis 
of quantization, and 0 is the angle between the detector axis and the 
quantization axis.
Using a method similar to that of Rose (Ro 53), equation 
(2.19) can be written as
w(0) = I A k Pk (cos6) 2.18
detector
2.19
W(0) = I A}( PK (cos0) QI( , 2.20
the Q„ are the solid angle attenuation coefficients given by
Q.. = J../J , where XK K o
detector
2.21
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It is to be noted that for K i 0, |Q | < 1, and hence the 
effect of the finite detector is to smooth out the distributions, as 
expected.
Attenuation coefficients used in the present work were 
obtained either using a computer program or from the ref. (Ha 66).
Experimental distributions are also to be corrected for 
any change in the yield from the target, absorption of the y-rays in the 
target backing and the instrumental anisotropies.
Another factor which should be taken into account is the fact 
that the Hauser-Feshbach theory is applicable only to the average cross 
sections and that the compound nucleus energy must correspond to a region 
of many overlapping levels. However, this criterion is generally ful­
filled when the CN energy is approximately 3 MeV above the neutron 
threshold (Er 63). Because the compound nucleus mechanism in the 
region of overlapping levels is of statistical nature, it is necessary 
to make the angular distribution measurements over a sufficiently large 
energy range to obtain a good estimate of the average cross section.
This can be obtained either by averaging the large number of measure­
ments over this range or by using a thick target so that the averaging 
is effectively done over many compound nucleus states. However, it
has been shown (Gi 65) that the important parameter is not the energy
AErange E but the ratio — , where T is the mean level width in the 
compound nucleus. In the present work the energy averaging was 
obtained by using thick targets. The energy spread obtained in this 
way corresponded to 10T (Er 66) or more in all the cases under considera­
tion. It is believed that the influence of narrow resonances and 
Ericson type cross-section fluctuations (Er 66) were made negligible 
by this procedure.
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2.3 STUDIES IN 62Cu
2.3.1 Introduction
The low-lying levels of the odd-odd nucleus 62Cu have been 
studied most thoroughly through the 8 or electron-capture decay of 
3.9h 62Zn by several groups (An 67, Ro 67a, Ba 68, Ho 69) and also 
through 63Cu (d,t)62Cu (Hj 67), 61Ni(3He,d)62Cu (Mo 66) and 
60Ni(a,npy)62Cu (Su 69) reactions.
The present study of the 62Ni(p,ny)62Cu compound nuclear 
reaction has been made with a view to complementing these earlier 
studies. The non-selective nature of this type of reaction, as 
mentioned earlier in Chapter 1, makes it a powerful method of investi­
gating the properties of nuclei. One can expect that the unknown 
levels, which can not be populated by a suitable 8-decay from a 
neighbouring isobar because of a substantial spin change in the 
process, will be revealed in this reaction. The high resolution of 
the Ge(Li) detectors which have been used in the present work is 
particularly helpful for the study of closely spaced levels in the 
product nucleus.
A level with J71 = 3+ at 426.1 keV, not seen in the radio­
active decay study, has already been reported to be strongly populated 
in this reaction (Da 70a). A study by Rickards et al. (Ri 66) on 
the 62Ni(p,n)62Cu reaction, where the neutron spectra were measured 
with a view to energy calibration of a tandem accelerator, established 
the Q-value as -4.735 MeV and located two excited states at 40 keV 
and 293 keV.
In the present work a series of y-spectra were recorded 
using Ge(Li) detectors and, with the aid of y-y coincidence spectra, 
a comprehensive decay scheme was deduced. It was found that, 
within the first MeV of excitation, the decay structure of 62Cu is 
indeed very complex.
A series of y-ray angular distributions at different 
bombarding energies was carried out. Comparison of the results 
with the predictions of the compound nucleus statistical model 
enabled spin assignments for states in 52Cu to be proposed.
17 .
In r e c e n t  y e a r s ,  th e  te c h n iq u e  o f  d e t e rm in in g  t h e  s p in s  o f  
n u c l e a r  e x c i t e d  s t a t e s  based on measurements o f  t h e i r  r e l a t i v e  p o p u la ­
t i o n  fo l l o w in g  a compound n u c leu s  p ro c e s s  has  been employed v e ry  
f r e q u e n t l y  (Mc70, Te 70,  Iy 70, F i  70,  We 70) .
The p re s en ce  o f  two d o u b le t s  in  t h e  nuc leus  62Cu, one 
(243 keV and 288 keV l e v e l s )  w i th  J 71 = 2+ (Ho 69) and t h e  o t h e r  
(390 keV and 426 keV l e v e l s )  w i th  J 77 = 3+ (Su 69,  Da 70a) makes i t  
an i d e a l  case  f o r  t h e  comparison of  t h e  exper im en ta l  and t h e o r e t i c a l  
p o p u la t i o n s  o f  t h e s e  l e v e l s  f o l l o w in g  (p ,n )  r e a c t i o n s .  In f a c t ,  
t h e s e  two d o u b l e t s ,  were used  in  such a s tudy  t o  i n v e s t i g a t e  c r i t i c a l l y  
t h e  v a l i d i t y  o f  t h e  t e c h n iq u e .  S e c t io n  2.4 o f  t h i s  Chapter  g iv e s  t h e  
d e t a i l s  o f  t h i s  s tudy .
2 . 3 . 2  Exper imenta l  method
The exper im en ta l  t e c h n iq u e s  used in  t h i s  s tudy  and t h e  
t h e o r e t i c a l  a n a l y s i s  o f  t h e  r e s u l t s  c l o s e l y  r esem ble  t h e  work o f  
B i r s t e i n  e t  a l . (Bi 68) and t h a t  r e p o r t e d  from t h i s  l a b o r a t o r y  (Da 70a, 
Da 70b) .  The A.N.U. tandem Van de G raa f f  a c c e l e r a t o r  was used  to  
p ro v id e  t h e  p ro to n  beam.
T arg e ts  o f  a pp rox im a te ly  150 yg/cm2 t h i c k n e s s  were p re p a re d  
by vacuum e v a p o ra t io n  o f  99.0% i s o t o p i c a l l y  en r ic h ed  62Ni onto  
a pp rox im a te ly  10 yg/cm2 carbon b a c k in g s .  These were p laced  i n  a 
small  c y l i n d r i c a l  chamber which had a f l a t  pe rspex  wal l  on one s i d e .
A 2 cm3 Simtec Ge(Li)  s p e c t ro m e te r  ( r e s o l u t i o n  -  3 .0  keV a t  1332 keV) 
p la ced  a d j a c e n t  t o  t h i s  perspex  w a l l ,  a t  90° w i th  r e s p e c t  to  t h e  beam 
a x i s  and 5 cm from th e  t a r g e t ,  was employed to  s tudy  th e  y - r a y  s i n g l e s  
s p e c t r a .  A s h ie ld e d  beam dump was s i t u a t e d  3 m away from t h e  t a r g e t .
62Ni t a r g e t s  o f  a p p ro x im a te ly  0 .9  mg/cm2 t h i c k n e s s  were used 
f o r  t h e  y - r a y  angu la r  d i s t r i b u t i o n  s t u d i e s .  These were p re p a re d  by 
s u c c e s s iv e  e v a p o ra t io n s  onto  t a n ta lu m  f o i l s  o f  t h i c k n e s s  125 yms; 
s u f f i c i e n t  to  s top  t h e  i n c i d e n t  p r o t o n s .  When p o s i t i o n e d  a t  45° to  
t h e  incoming beam, t h i s  t h i c k n e s s  o f  n i c k e l  co r re s p o n d s  t o  a p ro to n  
energy lo s s  of  ap p ro x im a te ly  60 keV, which was c o n s id e re d  t o  g ive  a 
s u f f i c i e n t  s t a t i s t i c a l  a v e ra g in g  over  t h e  compound nuc leus  s t a t e s .
The t a r g e t s  were s i t u a t e d  on t h e  v e r t i c a l  a x i s  o f  a 10 cm d ia m e te r
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cylindrical perspex chamber mounted over a horizontal correlation 
table at the end of a beam line, A 30 cm3 Ge(Li) counter could be 
moved to any angular position between 0° and 90° with respect to the 
beam direction. A 40 cm3 Ge(Li) counter mounted permanently at the 
opposite 90° position acted as a monitor.
A brief two-parameter y-y coincidence run was undertaken 
to confirm the identification of y-rays deduced from y-ray singles 
measurements. The two large co-axial Ge(Li) spectrometers mentioned 
above were used. The data from these spectrometers were stored on the 
disk file facility attached to an IBM 1800 computer using the related 
address technique. The two Ge(Li) detectors placed close to the 
target encountered a strong neutron flux which is known to have a 
detrimental effect (Kr 68, Ch 65, Ro 69) and hence the spectra were 
collected for the minimum length of time. Confidence in overall 
correctness of the 62Cu decay scheme was substantiated by coincidence 
relationships between the more prominent y-rays.
2.3.3 Construction of the decay scheme
The 2 cm3 Ge(Li) was employed for the study of y-ray singles 
spectra. About 30 such spectra were recorded at incident proton 
energies ranging from 4.81 to 5.93 MeV. A typical spectrum is 
shown in fig. 2.3.1, and the final decay scheme is shown in fig. 2.3.2. 
For the states up to 637 keV in excitation in 52Cu, the present 
measurements were in accord with the level scheme proposed by Hoffman 
and Sarantites (Ho 69). Two additional levels reported to be at 
389.9 keV (Su 69) and 426.1 keV (Da 70a), however, were also confirmed.
The state at 389.9 keV was excited very weakly in the (p,n) 
reaction. In fact, only by using an energy about 100 keV above the 
level threshold could the principal de-exciting y-ray at 349.1 keV be 
observed. Confidence in the existence of this 389.9 keV level was 
strengthened from consideration of the coincidence spectra. A 
146.5 keV y-ray was found to be in coincidence with the 243.4 keV 
y-ray from the second excited state, and a 285.2 keV y-ray, considered 
to be depopulating a level at 675.1 keV, was coincident with the 
349.1 keV y-ray.
Figure 2.3.1 A typical y-spectrum observed at 90° to the beam
3axis with the 2 cm Ge(Li) spectrometer. The peaks 
at 126.7 keV, and at 843 and 876 keV, are believed 
to come from an impurity, and proton inelastic 
scattering on 27A1 and 52Ni respectively. The 
146.5 keV y-ray was seen more clearly in the 
coincidence work. The contaminant peak at 695 keV 
is due to an E0 electron conversion transition in 
72Ge following inelastic neutron scattering, and is 
broadened on account of the recoiling germanium ions 
(Ch 67). A similar less intense peak at 596 keV from 
7L+Ge(n,n'y) is obscured by the 596.6 keV y-ray observed 
in the present reaction (Ch 67). The 507 keV tran­
sition is obscured by the annihilation peak. The 
weak 637.2, 672.0 and 756.3 keV transitions were
3observed more clearly in 30 cm Ge(Li) spectra.
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Figure 2.3.2 Final decay scheme for the low lying states in 
52Cu. At the left of the figure are shown the 
excitation energies attained at four different 
proton energies. Spin assignments for levels 
above 640 keV stem from the present work. The 3+ 
assignment for the 426.1 keV level comes from a 
previous measurement (Da 70a). The 3+ assignment 
for the 389.9 keV isomeric state comes from the 
recent work of Sunyar et al. (Su 69). The 
present study agrees with the spins for the 40.8, 
243.4, 287.9, 548.2 and 637.2 keV states put 
forward by Hoffman and Sarantites (Ho 69). The 
three levels fed by 62Zn decay are shown at the 
right. Gamma rays which originate from new 
levels and were observed to be coincident with 
previously established y-rays are indicated by 
filled circles.
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In c o n t r a s t ,  t h e  426.1 keV le v e l  was s t r o n g l y  p opu la ted  in  
t h e  (p ,ny) r e a c t i o n ,  and was found to  decay by a s i n g l e  385.2  keV 
t r a n s i t i o n  t o  th e  f i r s t  e x c i t e d  s t a t e  a t  40.8 keV.
The r e g i o n  o f  630 to  1100 keV e x c i t a t i o n  in  62Cu was 
i n v e s t i g a t e d  th rough  a s e r i e s  o f  y - s p e c t r a  t a k e n  in  s t e p s  of  20 keV 
p r o to n  bombarding energy.
A 644.9 keV y - r a y  was observed  a t  Ep = 5.48 MeV. The 
absence  o f  a 634.4 keV y - r a y  i n  t h e  spectrum i n d i c a t e s  t h a t  t h e  675.1 
keV s t a t e  was no t  y e t  e x c i t e d .  Consequent ly  t h e  644.9 keV t r a n s i t i o n  
i s  co n s id e re d  to  decay t o  th e  ground s t a t e .  The y -decay  modes o f  th e  
l e v e l s  a t  675.1 keV, 698.3 keV and 915.5 keV which have been observed 
i n  p a r t i c l e  t r a n s f e r  r e a c t i o n s  (Hj 67, Mo 66, Ve 67) ,  were e s t a b l i s h e d .  
The p r e c i s e  e n e rg i e s  f o r  a l l  t h r e e  l e v e l s  were d e r iv e d  from t h e  p r e s e n t  
work. Two new l e v e l s  were l o c a t e d  a t  727.5 keV and 756.3 keV.
Evidence f o r  y-decay  from l e v e l s  h ig h e r  t h a n  915.5 keV e x c i t a t i o n  could  
n o t  be d e f i n i t e l y  e s t a b l i s h e d  from t h i s  s tudy .
The b ranch ing  r a t i o s  were d e r iv e d  from y - r a y  s p e c t r a  t a k e n  
w i th  t h e  2 cm3 Ge(Li)  d e t e c t o r  p laced  a t  t h e  55° p o s i t i o n ,  w i th  t h e  
ex c e p t io n  of  t h o s e  f o r  t h e  548.2 keV and 637.2 keV l e v e l s  which were 
ta k e n  from th e  work by Hoffman and S a r a n t i t e s  (Ho 69).  The l e v e l  
s t r u c t u r e  and t h e  decay scheme a r i s i n g  from t h e  p r e s e n t  s tudy  i s  
summarized in  f i g .  2 . 3 . 2 .  D e f i n i t e  new c o in c id e n c e  r e l a t i o n s h i p s  
ove r  and above t h o s e  g iven  by Hoffman and S a r a n t i t e s  (Ho 69) a r e  
deno ted  by f i l l e d  c i r c l e s  in  f i g .  2 . 3 . 2 .
The e n e rg i e s  o f  more i n t e n s e  y - r a y s  i n  r e f .  (Ho 69) and th e  
energy o f  t h e  385.23 keV y - r a y  de te rmined  i n  r e f .  (Da 70a) were 
t a k e n  as  t h e  s t a n d a r d s  in  t h e  i n t e r n a l  c a l i b r a t i o n  o f  t h e  y - s p e c t r a .
The e n e rg i e s  o f  t h e  new y - r a y s  were e s t a b l i s h e d  t o  an acc u racy  o f  
± 0.3 keV. The e r r o r  on t h e  915.8 keV y - r a y  i s  ± 0 .6  keV. In f i g .  
2 . 3 . 2  t h e  e n e r g i e s  o f  t h e  y - r a y s  and o f  l e v e l s  a s s o c i a t e d  w i th  t h e  
decay  o f  62Zn a r e  t a k e n  from th e  work o f  Hoffman and S a r a n t i t e s  
(Ho 69).  The e n e r g i e s  o f  t h e  389.9  keV l e v e l ,  t h e  426.1 keV l e v e l  
and th o s e  l e v e l s  h ig h e r  i n  e x c i t a t i o n  t h a n  637.2 keV a r e  e s t im a te d  
to  be a c c u r a t e  to  ± 0.3 keV.
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2.3.4 Gamma-ray angular distributions
The angular distributions were measured at proton energies 
of 5.15 MeV, 5.34 MeV, 5.45 MeV and 5.66 MeV which correspond res­
pectively to excitation energies in 62Cu of 347 keV, 534 keV, 642 keV 
and 852 keV. In all cases, the proton energy was approximately 100 keV 
to 200 keV above the threshold of the levels of interest. The con­
ditions for a compound nucleus process are ideal at such low energy 
of the outgoing neutrons (Sh 66, Bi 68). Secondly, as these neutrons 
will be mainly s-wave, the de-alignment of the compound state is kept 
to a minimum; therefore the y-ray angular distributions will show 
maximum anisotropy.
The angular distributions of the y-rays, obtained by inte­
grating the number of counts in the full energy peak and then normalizing 
to the monitor, were corrected for absorption of the y-rays in the 
tantalum backing and for siightinstrumental anisotropies.
These distributions were then fitted in the usual manner 
to the Legendre polynomial expansion
W(0) = 1 + A2 P2(cos0) + A4 P4(cos0)
on an IBM 360/50 computer using the method of least squares. The 
resulting coefficients were corrected for attenuation due to the 
finite geometry of the movable Ge(Li) counter.
The experimental distributions were compared with the 
theoretical expressions for the angular distribution of y-rays following 
a (p,n) reaction (see Section 2.2) based on the compound nucleus 
statistical model (Sh 66, Sh 69). These theoretical distributions 
were calculated for a range of spin and parity sequences and 
radiative mixing ratios with the computer code MANDY (Sh 66).
The comparison enabled the spin assignments and mixing ratios to 
be deduced. Transmission coefficients required for the penetrability 
term in the expression for the differential cross section in MANDY 
were calculated from the proton, neutron and a-particle optical-model 
parameters of Perey (Pe 63), Wilmore and Hodgson (Wi 64) and Bock 
et al. (Bo 67) respectively.
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2 . 3 . 5  R es u l t s*
Table  2 .3 .1  d i s p l a y s  th e  f i n a l  exper im en ta l  v a l u e s  o f  t h e  
Legendre c o e f f i c i e n t s  a r i s i n g  in  t h e  c u r r e n t  s tudy .  S ince  y - t r a n -  
s i t i o n s  from l e v e l s  above 640 keV e x c i t a t i o n  a r e  c o n s i d e r a b l y  l e s s  
i n t e n s e  t h a n  th o s e  below t h i s  energy ,  th e  l e a s t - s q u a r e s  f i t t i n g  t o  t h e  
even o rd e r  Legendre e x p r e s s io n  a r e  quoted to  second o rd e r  only .
Th is  i s  c o n s id e re d  to  be p l a u s i b l e  s in c e  none of  t h e  a n g u la r  d i s ­
t r i b u t i o n s  in  62Cu, nor in  64Cu (Da 70b) y i e l d e d  an a p p r e c i a b l e  
A4 c o e f f i c i e n t .
Table  2 . 3 .2  p r e s e n t s  t h e  s p in  sequences and a p p r o p r i a t e  
m u l t i p o l e  mixing r a t i o s  t h a t  r e s u l t  from a comparison o f  t h e  
exper im en ta l  Legendre c o e f f i c i e n t s  w i th  t h o s e  p r e d i c t e d  by th e o r y  
f o r  d i f f e r e n t  y - r a y s  i n  52Cu.
F ig .  2 . 3 .3  shows t h e  comparison o f  t h e  ex p e r im en ta l  to  
t h e o r e t i c a l  Legendre c o e f f i c i e n t s  f o r  two t y p i c a l  c a s e s .  These 
r e s u l t s  a r e  d i s c u s s e d  in  d e t a i l  below, in  te rms o f  t h e  i n d i v i d u a l  
l e v e l s .
The 243.43 keV and 287.86 keV l e v e l s . The 243.43 keV l e v e l  
has been observed  to  decay t o  t h e  ground s t a t e  only .  The exper im en ta l  
d a t a  from t h e  a n g u la r  d i s t r i b u t i o n  of  t h e  ground s t a t e  t r a n s i t i o n  i s  
compared with  t h e o ry  in  t h e  lower p o r t i o n  o f  f i g .  2 . 3 . 3 .  Both 2+ and 
1 a ss ignments  a r e  p o s s i b l e  he re ;  however, s i n c e  p o s i t i v e  p a r i t y  has 
a l r e a d y  been well  e s t a b l i s h e d  from o t h e r  s t u d i e s  (An 67, Ho 69) ,  th e  
l e v e l  i s  g iven  a unique  v a l u e  o f  2+ .
The a n g u la r  d i s t r i b u t i o n  o f  t h e  246.7 keV y - r a y  was i s o t r o p i c .
7T +The 287.86 keV s t a t e  which i t  d e p o p u la te s  i s  known t o  have J  = 2  
from 62Cu r a d i o a c t i v e  decay  (An 67, Ho 69).  The i s o t r o p y  can be
The r e s u l t s  on t h e  a n g u l a r  d i s t r i b u t i o n s  o f  y - t r a n s i t i o n s  
d e p o p u la t in g  t h e  l e v e l s  a t  243.43,  287.86 keV, 246.1 keV 
and 548.25 keV energy had a l r e a d y  been worked out  by Davidson,  
Dal l imore  and H e l l s t röm  (Da 70a) and have been used  by J .O .V .  
H e l l s t röm  in  h i s  Ph.D. t h e s i s .  Here,  however,  t h e s e  have  been 
g iven  a g a in  f o r  t h e  sake o f  com ple teness .
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TABLE 2.3.1
Final experimental values of Legendre expansion coefficients 
resulting from y-ray angular distribution measurements in 
the reaction ^Ni (p,ny) ^ Cu
Ep (MeV) Ey(keV) A2 A4
243.43 -0.30 ± 0.04 -0.05 ± 0.06
5.15
246.7 0.00 ± 0.04 -0.02 ± 0.05
5.34 385.23 -0.53 ± 0.03 -0.03 ± 0.04
5.45 548.3 0.01 ± 0.03 0.01 ± 0.04
5.66 596.6 -0.07 ± 0.05 -
5.66 644.9 0.03 ± 0.04 -
431.6 -0.41 ± 0.08 _
5.66
634.4 -0.57 ± 0.08 -
272.2 -0.09 ± 0.06 _
5.66 454.8 0.27 ± 0.05 -
657.5 -0.25 ± 0.05 -
5.66 484.1 0.37 ± 0.06 -
727.5 0.36 ± 0.10 -
5.66 756.3 * - 0.5
TABLE 2 . 3 .2
Spin sequences in  t h e  nuc leus  Cu deduced from comparison wi th  
t h e  p r e d i c t i o n s  of  t h e  CN s t a t i s t i c a l  model.  The mixing r a t i o s  
f o l l o w  t h e  s ig n  conven t ion  o f  Rose and Brink (Ro 67).
T r a n s i t i o n E (keV) 
Y
Spin sequence Mixing r a t i o  6
J . -*■ J r  l  f
2 4 3 . 4 0 2 4 3 . 4
t+CM i + a) i o o ± 0 . 0 3
2 8 7 . 9 —y 4 0 . 8 2 4 6 . 7 2 + + 2 +
b , c )
0 . 3 3 ± 0 . 0 4
4 2 6 . 1 -> 4 0 . 8 3 8 5 . 2 3 + - 2 * a) 0 . 1 2 ± 0 . 0 2
5 4 8 . 3 -> 0 5 4 8 . 3 1 + ■> 1 + b) -
6 3 7 . 2 -> 4 0 . 8 5 9 6 . 6 1 + + 2 + b) -
6 4 4 . 9 -y 0 6 4 4 . 9 ( 2 + )-> 1+ c ) - 0 . 2 2
+
0 . 0 3
0 . 0 2
6 7 5 . 1 -> 2 4 3 . 4 4 3 1 . 6 3 + 2 + 0 . 0 5
+ 0 . 0 5
— 0 . 0 4
-> 4 0 . 8 6 3 4 . 4 3 + + 2 + a) 0 . 1 6
+ 0 . 0 4
- 0 . 0 6
6 9 8 . 3 -> 4 2 6 . 1 2 7 2 . 2 2 + - 3 + 0 . 0 0 ± 0 . 0 5
3 + + 3 + 0 . 6 0 ± 0 . 1 0
-> - 2 4 3 . 4 4 5 4 . 8 2 + 2 + 0 . 0 6 ± 0 . 0 5
3 + + 2 + - 0 . 3 5 ± 0 . 0 4
-> 4 0 . 8 6 5 7 . 5 2 + -> 2 + 0 . 7 0 ± 0 . 0 7
3 + + 2 +
•'d-
ooi ± 0 . 0 3
7 2 7 . 5 -> 0 7 2 7 . 5 2+ ■* 1 + a) - 0 . 4 9 ± 0.09
-> 2 4 3 . 4 4 8 4 . 1 2+ 2 * a) - 0 . 0 5 ± 0 . 0 5
7 5 6 . 3 -> 0 7 5 6 . 3 (2 V 1 + |5 | < 0 . 3
a) Unique ass ignment  f o r  r e s u l t i n g  from th e  p r e s e n t  work,  
or  from r e f .  (Da 70a) .
b) Although o t h e r  i n i t i a l  s p in s  f i t  t h e  p r e s e n t  d a t a ,  t h e  
sp in  v a l u e  he re  was p r e v i o u s l y  e s t a b l i s h e d  (Ho 69).
c) The i s o t r o p i c  d i s t r i b u t i o n s  o f  t h e  246.7 and 644.9 keV 
y - r a y s  could  p o s s i b l y  r e s u l t  from a t t e n u a t i o n  e f f e c t s  
caused by l i f e t i m e s  ^ nanoseconds.
Figure 2.3.3 Comparison with theory of the Legendre 
coefficients for the 634.4 keV and 
243.4 keV y-rays.
0.4
4
0.3
- 0.1
- 1.0 - 0.8 - 0 6 - 0.4
8 » 5.0243 .4  keV gommo ray
8 — 5.0
8—1.0
8-0.5
Fig . 2 . 3 . 3 .
24 .
accoun ted  f o r  e i t h e r  by having  6(E2/M1) = 0 .3 3 ,  o r  i t  could  a r i s e  from 
com ple te  a t t e n u a t i o n  of th e  d i s t r i b u t i o n  caused by a r e l a t i v e l y  long 
l i f e t i m e .
389.9  keV l e v e l . The 3+ ass ignm ent f o r  t h i s  s t a t e  d e r iv e s  
from th e  r e c e n t  work o f  Sunyar e t  a l . ,  who s tu d ie d  th e  60N i(a ,p n y )  
r e a c t i o n  (Su 69). They found t h i s  s t a t e  t o  be an iso m eric  one w ith  
t . jy 2  = 11*5 n s .  I t  decays by two Ml y - ra y s  o f  146 keV and 350 keV 
energy  to  th e  243.43 keV s t a t e  and 40.84 keV s t a t e  r e s p e c t i v e l y .
The p r e s e n t  s tudy  ag re e s  w ith  t h e i r  r e s u l t s  r e g a rd in g  th e  y -decay  o f  
t h i s  s t a t e .  S ince  t h i s  s t a t e  was on ly  weakly p o p u la ted  in  th e  
(p ,ny) r e a c t i o n ,  and th e  a n g u la r  d i s t r i b u t i o n  would be h ig h ly  a t t e n u a t e d  
due to  th e  long x, no a t tem p t was made to  measure th e  a n g u la r  d i s t r i b u ­
t io n ,  o f  th e  349.1  keV y - r a y .
426.1 keV l e v e l . This l e v e l  decays by a y - t r a n s i t i o n  o f  
385.2  keV to  th e  40.84 keV s t a t e .  The a n g u la r  d i s t r i b u t i o n  o f  t h i s  
t r a n s i t i o n  showed a s t r o n g ly  a n i s o t r o p i c  p a t t e r n .  A u n iq u e  ass ignm en t 
o f  3+ r e s u l t e d  (Da 70a, He 70).
548.25 keV and 637.20 keV l e v e l s . The s p i n - p a r i t y  v a lu e s  
o f  b o th  th e s e  l e v e l s  were known to  be 1+ (Ho 69).  The a n g u la r
d i s t r i b u t i o n s  o f  th e  548.3 keV and 596.6  keV y - ra y s  su p p o r t  th e s e  
a s s ig n m e n ts .  I t  was no t p o s s i b l e  to  i n f e r  m u l t ip o le  m ixing r a t i o s  
from th e  th e o ry .
The 644.9 keV l e v e l . This  l e v e l  was found to  decay  o n ly  to  
t h e  ground s t a t e .  The a n g u la r  d i s t r i b u t i o n  o f  th e  ground s t a t e  
t r a n s i t i o n  was i s o t r o p i c  and i s  g iven  by W(0) = 1 .0  + (0 .03  ± 0 .0 4 ) P2 (cosG ). 
The p o s s i b le  sp in s  c o n s i s t e n t  w ith  t h i s  o b s e rv a t io n  a r e  0, 1 and 2.
S ince  t h e r e  i s  no ev idence  o f  any ß -feed  to  a l e v e l  above th e  637.2  keV 
s t a t e ,  th e  2 ^  v a lu e  a p p ea rs  th e  most l i k e l y .  However, s in c e  an 
a p p r e c ia b le  l i f e t i m e  cou ld  cause  com plete  a t t e n u a t i o n  o f  th e  d i s t r i b u t i o n ,  
th e  ass ignm ent must be c o n s id e re d  as  t e n t a t i v e .
The 675.1 keV l e v e l . This  l e v e l  d e - e x c i t e s  by t h r e e  t r a n ­
s i t i o n s  o f  energy  285.2 keV, 431 .6  keV, and 634.4 keV. Because o f  
th e  weakness o f  th e  285.2 keV y - r a y ,  measurements were made o n ly  on th e  
o th e r  two y - r a y s .  The e x p e r im en ta l  d i s t r i b u t i o n  o f  th e  634.4  keV 
y - r a y  i s  g iven  by W(0) = 1 .0  - (0 .5 7  ± 0 .0 8 ) P2 (cos0) and i s  compared
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with theoretical prediction in the upper portion of fig. 2.3.3.
The comparison resulted in unique assignment of 3+ for the level
+ 0 04with the mixing ratio of 0.16 q *06 ^or ^34.4 keV transition.
The assignment of 3 for the 675.1 keV level is also 
supported by the 431.6 keV y-ray angular distribution of 
W(0) = 1.0 -(0.41 ± 0.08) ?2 (cos0) for 5 = 0.05 *
The 698.3 keV level. Three y-rays of energy 272.2 keV,
454.8 keV and 657.5 keV were seen depopulating this level. If there 
exists any ground state transition, it is obscured by the broad 
695 keV peak from the 72Ge(n,n'e) reaction. Angular distributions 
were measured for each of the three observed y-rays. From the 
comparison of experimental results with theory, it was not possible 
to distinguish between a 2+ or 3+ value for the state.
The 727.5 keV and 756.3 keV level. Both these levels have 
been observed for the first time in this study. The 727.5 keV state 
decays to the lower states at = 0.00 keV, 40.84 keV, 243.43 keV 
and 287.86 keV by y-transitions of energy 727.5 keV, 686.9 keV,
484.1 keV and 439.6 keV. Angular distributions were measured only 
for 727.5 keV and 484.1 y-rays. The anisotropic angular distribution 
of the 727.5 keV y-ray was consistent with dipole multipolarity. 
Comparison with theory enabled a 2 ^  assignment to be advanced.
The 756.3 keV y-ray, seen only weakly in fig. 2.3.1, was 
observed much more clearly when the 30 cm3 Ge(Li) counter was used.
The distribution appeared to peak at 90°, which suggests a 2+ assign­
ment for the level.
The 915.5 keV level. No angular distributions were measured 
on any of the four y-rays depopulating this level. However from 
fig. 2.3.2, it can be seen that three of the decay y-rays feed states 
having assignments of 1+, 2+ and 3+, and hence a tentative assignment 
of 2+ is put forward for this level.
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2.4 SPIN DETERMINATION FROM COMPOUND NUCLEAR REACTION YIELDS
2.4.1 Introduction
Section 2.3 of this Chapter gave details of the study of 
low-lying levels and decay structure in the nucleus 62Cu using compound 
nucleus (p,ny) reaction. All the states up to and including the
637.2 keV level are now known uniquely. Part of the decay scheme 
has been given in fig. 2.4.1 which shows the presence of two low-lying 
doublets in the nucleus 62Cu. The J71 values for the levels at 
243.43 keV and 287.86 keV in the 2 doublet are based on the study of 
Hoffman and Sarantites (Ho 69) and are in agreement with the investi­
gations captioned in Section 2.3. The lower level of the second 
doublet at the energy of 389.9 keV and its J were reported for the 
first time by Sunyar et al. (Su 69), who studied the 60Ni(a,pn)62Cu 
reaction. The existence of the level and its y-decay was confirmed 
in this work. The 3+ assignment of the other level at 426.1 keV of 
this doublet, by Davidson et al. (Da 70a) has been supported by the 
very recent work of Bachner et al. (Ba 72).
In this section the validity of the technique of determining 
the spins of nuclear energy levels based on measurements of their 
relative population following a compound nuclear reaction has been 
investigated using the two abovementioned doublets. In recent 
years, the technique has been employed frequently (Me 70, Te 70,
Iy 70) and has enjoyed a fairly high success rate in predicting spins 
of low-lying excited states, where a comparison with values determined 
via other techniques, such as y-ray angular distributions could be made. 
The use of the (p,n) reaction in this regard has, for instance, pre­
dicted unique spin values, or set limits to them, for many excited 
states in 2p-lf shell (Ba 70).
The present study, however, has been prompted by several 
cases which have recently come to light. In these cases the spin 
value determined from y-ray angular distribution or 3-decay measure­
ments are not in agreement with the values determined from the 
relative yield measurements. Two such discrepancies are for example 
the 40 keV second excited state in 45Ti(J = 5/2 vs 7/2 or 9/2) and 
the 911 keV level in 67Ga(3/2 vs 5/2 or 7/2).
Partial decay scheme of 62Cu taken from 
figure 2.3.2 section 2.3.
Figure 2.4.1
c- -I IO 
aj + +
ro to + + co co+ +
1 47 
349 
385
Fig. 2.4.1.
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Comparison of the relative experimental yield measurements of 
the four levels in the two doublets mentioned above to the theoretical 
predictions has been made following the 62Ni(p,ny)62Cu reaction. The 
theoretical predictions of the relative cross sections are calculated 
using the statistical compound nuclear reaction model of Hauser and 
Feshbach (Ha 52). The experimental yields are determined using a 
thick target to produce an energy spread which is large compared to 
the coherence width of the compound system. This energy spread or 
averaging is intended to ensure that the dominant contribution to the 
yield may be described via a statistical compound nuclear reaction 
mechanism. It is hoped that the influence of narrow resonances and 
Ericson-type cross-section fluctuations will be made negligible by 
this procedure.
2.4.2 Experimental procedure
3A Ge(Li) detector of 40 cm volume (Resolution = 2.5 keV 
for the 1332 keV 60Co y-ray) was employed to measure the yield of the 
y~rays depopulating the levels of interest. The angular distributions 
of these gamma rays have been shown (Section 2.3.5) to have angular 
dependence which can be described by the Legendre polynomial expansion
W(0) = 1(1 + a.2 P2(cos0)).
Since R, (cos0) = 0, for 0 = 55° then
W (55°) = I.
Thus the y-ray yields were measured by placing the detector at 55° with 
respect to the proton beam. The measurement, in fact, then will reflect 
the total yields of the transitions. These yields, together with the 
known relative efficiency of the Ge(Li) detector and the known decay 
scheme shown in fig. 2.4.1, enabled the relative population of the 
corresponding levels to be calculated.
The y-transitions studied were those at 243.4, 246.7, 349.1 
and 385.2 keV, which arise from the de-excitation of the 243.4, 287.9, 
389.9 and 426.1 keV levels respectively. The proton energies varied
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between 5.0 and 5.6 MeV allowing excitation of 62Cu states between 
energies of 200 and 800 keV respectively. Indirect feeding of the 
243.43, 287.9, 389.9 and 426.1 keV levels by y-ray decay from higher 
energy levels, although energetically possible, was not observed in 
the Ge(Li) y-spectra.
The targets of thickness ^ 1.0 mg/cm2 were built up by 
successive evaporations of 99.0% isotopically enriched 62NiO on to 
tantalum foils of 0.025 cm thick. These targets, when placed at 
45° to the beam direction, correspond to approximately 55 keV beam 
energy spread for 5 MeV protons. This thickness is about ten times 
the mean level width for A = 62 and was considered to give sufficient 
averaging to allow a comparison with the predictions of the Hauser- 
Feshbach model.
2.4.3 Results
2.4.3.1 Experimental results. The y-ray yields obtained by inte­
grating the number of counts in the relevant full energy peaks,after 
background subtraction, are shown in fig. 2.4.2. The yields have 
been normalized to the total charge collected on the target, and 
corrected for the dead time of the ADC. The yield curves between 
proton energies of 5.2 and 5.4 MeV were measured twice and were found 
to be reproducible. Fig. 2.4.2a shows the yields for the 2+ levels 
at 243.43 and 287.86 keV, and fig. 2.4.2b presents the corresponding 
yields for the 3+ levels at 389.9 and 426.1 keV.
The broad hump in the yield of the two 2 levels between 5.2 
and 5.3 MeV proton energy is not understood. It does not appear to 
be associated directly with the several isobaric analogue resonances 
(IAR) known to exist in this energy region. The position of these
IAR's taken from the Nuclear Data Compilation (1967) is shown by 
arrows in fig. 2.4.1. The drop off in the yield at 5.3 MeV proton
*4*energy could be related to the opening of the two 3 level channels 
in the decay of the compound nucleus. However, theory predicts a 
fall off of only 4% whereas we observe it to be 25%.
2.4.3.2 Theoretical results. The computer program HAUSER (Da 71)--------- ,
was used to calculate the theoretical cross sections. The calculation
Figure 2.4.2 Experimental yield for the population of the 
243 (2 + ), 28g(2+), 390(3+) and 426(3 + ) keV 
levels of 62Cu via the 62Ni(p,n)e2Cu reaction, 
with proton energies between 5.1 and 5.6 MeV.
I I I I 390
100K
Fig. 2.4.2.
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f o l l o w s  t h e  s t a t i s t i c a l  compound n u c l e a r  r e a c t i o n  t h e o ry  o f  Hauser and 
Feshbach (1952) and i n c lu d e s  t h e  e f f e c t  o f  f l u c t u a t i o n s  in  t h e  l e v e l  
w id ths  (Mo 61, Mo 64 and Mo 67).  The a p p l i c a t i o n  o f  t h i s  width  
f l u c t u a t i o n  c o r r e c t i o n  f a c t o r  in  th e  c a l c u l a t i o n  d e c r e a s e s  t h e  y i e l d s  
o f  a l l  i n e l a s t i c  channe ls  and i n c r e a s e s  them in  t h e  e l a s t i c  s c a t t e r i n g  
c h a n n e l s .  S ince  a l l  t h e  i n e l a s t i c  channe ls  a r e  reduced  t h e  r a t i o s  o f  
t h e  v a r i o u s  ou tgo ing  n e u t ro n  channel  y i e l d s  a r e  no t  too  s e n s i t i v e  to  
t h i s  e f f e c t .  The r e s u l t i n g  c r o s s  s e c t i o n s  a r e  p r e s e n t e d  in  f i g .  2 . 4 . 3 .  
I t  i s  seen  t h a t ,  as  mentioned above,  th e  opening o f  t h e  e x i t  channe ls
4*
to  th e  3 l e v e l s  draws some y i e l d  from t h e  o th e r  channe ls  a l r e a d y  open.
A t h e o r e t i c a l  e s t i m a t e  of  t h e  62N i ( p , n ) 62Cu c r o s s  s e c t i o n  to
t h e  3+ l e v e l s  assuming a d i r e c t  i n t e r a c t i o n  mechanism has been c a r r i e d
o u t  u s i n g  t h e  computer  code DWUCK (Da 70, Ku 69).  The c o n f i g u r a t i o n s
o f  *(2P3 /2 ) v (2P3 /2 ) -1  ( l f 5 /2 )2 and *C2P3 /2D v(2P3 /2 ) 4 ( l f 5 / 2 ) were
assumed f o r  th e  two 3 s t a t e s .  The t a b l e  2 . 4 .1  p r e s e n t s  t h e  c a l c u l a t e d
c r o s s  s e c t i o n s .  The o r b i t a l  a n g u la r  momentum, L, t r a n s f e r r e d  t o  t h e
n u c leu s  can have th e  v a l u e s  o f  2 o r  4.  This  c a l c u l a t i o n  f o r  E = 5 . 5
P
MeV, e s t i m a t e s  t h e  d i r e c t  r e a c t i o n  c o n t r i b u t i o n  to  be < 0.1 th a n  t h a t  
o f  t h e  s t a t i s t i c a l  compound n u c l e a r  one f o r  t h e  v ( 2 P ^ 2) *
( l f ^ 2)^ c o n f i g u r a t i o n  and < 0.001 f o r  t h e  tt( 2 P ^ ^ )  v ( 2P3^ 2)4 ( l f ^ ^ )  
c o n f i g u r a t i o n .  S ince  t h e  d i r e c t  r e a c t i o n  c a l c u l a t i o n  e n t a i l s  a 
d e t a i l e d  knowledge o f  th e  wave f u n c t i o n s  o f  t h e  two 3 s t a t e s ,  t h i s  
c o n t r i b u t i o n  has been n e g l e c t e d  r e l a t i v e  to  t h a t  o f  t h e  compound 
n u c l e u s .
A c o n f i g u r a t i o n  o f  tt(2P3^2) ;  v ( 2 P ^ 2) -1 t l £ 5/2^o i s  suPPosed
to  be dominant in  t h e  make-up o f  t h e  3 + l e v e l  a t  426.1 keV w hi le  f o r  
t h e  389 .9  keV 3+ s t a t e  t h e  dominant  c o n f i g u r a t i o n  appea rs  t o  be 
tt(2P3 / 2 ) :  v ( 2P3 / 2 ) 4 ( l f 5 / 2 ) .  (See S e c t io n  2 . 7 . )
Numerical  compar ison was made between experiment and th e o r y  
by summing b o th  t h e  exper im en ta l  y i e l d s  ( c o r r e c t e d  f o r  d e t e c t o r  
e f f i c i e n c y  and decay scheme b ranch ing  r a t i o s )  and t h e o r e t i c a l  c r o s s  
s e c t i o n s  between 5 .3  and 5 .6  MeV p ro to n  energy .  Th is  l a r g e  r e g i o n  
o f  energy ave ra g ing  should  make t h e  e f f e c t  o f  n o n - s t a t i s t i c a l  p rocess  
n e g l i g i b l e .  The r a t i o  o f  t h e  y i e l d s  to  each l e v e l  r e l a t i v e  t o  t h a t  
f o r  th e  243.4 keV 2+ l e v e l  a r e  p r e s e n t e d  in  t a b l e  2 . 4 . 2 .  I t  i s  
seen t h a t  t h e  r a t i o s  d i f f e r  by a f a c t o r  o f  6 to  7 f o r  t h e  389.9  keV
Figure 2.4.3 Theoretical cross section for the population 
of the 243 (2 + ), 286(2*), 390(3*) and 426(3*) 
keV levels of 62Cu via the 62Ni (p,n)62Cu 
reaction, with proton energies between 5.1 
and 5.6 MeV.
YIELDS ( milli barns)
ro ro
f i g .  2 . 4 . 3 .
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TABLE 2.4.1
The theoretical direct interaction cross section
for production of a 3 level of the given con- 
62 62 62figuration in Cu, via the Ni(p,n) Cu reaction
with E =5.5 MeV.P
CONFIGURATION a(mb/sr)
62 +of Cu 3 state Z = 2 Z = 4
n|P3/2)v|CP3/2)‘1Cf5/2)2) 1.944 0.481
nlP3/2)^UP3/2^4^5/2)1) 0.019 0. 002
TABLE 2 . 4 .2
R a t io s  o f  y i e l d s .  The t h e o r e t i c a l  
v a l u e s  a r e  from t h e  Hauser-Feshbach  
c a l c u l a t i o n .
Level (keV), J 71
Y (243)/Y(Level )
EXP. THEORY
243, 2+ 1.00 1.00
288, 2+ 1.55 ± 0.15 1.10
390, 3+ 13.3 ± 1.3 1.99
426,  3+ 2.55 ± 0.25 2.45
I f 390 keV l e v e l had = 4
I f 390 keV l e v e l had v = 5 22 . 0
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level, while those for the other levels agree to within 40%. The 
theoretical and experimental ratios should be identical if the 
reaction proceeds as described by the statistical compound nucleus 
theory. The lower portion of the table 2.4.2 presents the theoretical 
ratios for a fictitious level at 389.9 keV with spin values of 4 and 
5+. It is seen that the experimentally determined value of 13.3 ± 1.3 
lies in between the predicted ratios of ^ 7 and ^ 22 with the above- 
mentioned fictitious spin values.
In conclusion it is seen that an anomalously low yield 
could in this case lead to an erroneous spin assignment of a 3 level
“f*as a spin 4 or 5 level. The situation reminds one that in the 
assignment of spin values the technique using yield measurements 
should not be relied on alone.
2.5 THE NUCLEUS 66Ga
2.5.1 Introduction
The first systematic study of the level structure and their 
y-decay in the doubly odd nucleus 66Ga was attempted by Ricci et al.
(Ri 60) by means of scintillation detectors and coincidence techniques. 
The levels under study were populated through 8-decay of 2.2 h &6Ge.
In recent years the y-decay of this nuclide following the same process 
has been investigated with high resolution Ge(Li) spectrometers, and 
results have been published by Bolotin and McClure (Bo 69), Bakhru and 
Ladenbauer-Bellis (Ba 69), Sarantites and Gronemeyer (Sa 69) and 
very recently by de Boer et al. (Bo 70). In this latter work, an 
additional twelve levels and a substantial number of new y-transitions 
in 56Ga were put forward. Although the levels of this nuclide are 
also accessible by means of some charged-particle reactions, no reports 
of studies of this type, prior to this work, have appeared in the 
literature. The principal limitation of the 8-decay studies is that 
only spin-zero and spin-one states are populated.
If consideration is taken of the shell model configurations 
that are expected to play a role in the composition of the low-lying 
states in 66Ga, namely the l f ^ 2 and ^ \ j 2  orbi-tals> it is
reasonable to expect the presence of some levels with spin-parity
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")■ •I« *4"assignments of 2 , 3 and 4 . Since these higher-spin states are not 
directly populated following the 3-decay of 56Ge, it is clear that a 
nuclear reaction must be employed to investigate their properties.*
Of the comparatively limited number of reactions that lead into the 
residual nucleus 56Ga, the compound nuclear 66Zn(p,ny)66Ga reaction is 
particularly favoured due to, as stated earlier, its non-selective 
nature. The negative Q-value (-5.957 MeV) allowed successive levels 
to be populated near threshold by systematically increasing the 
incident proton energy. Consequently, successive regions of the &6Ga 
level scheme could be investigated without interference of y-transitions 
from higher levels. The information obtained from y-ray singles 
spectra taken in this manner was supplemented with y-y coincidence 
data taken at three different bombarding energies to produce the 66Ga 
decay scheme. Extra confidence in the decay scheme was achieved by 
the study of excitation functions of individual y-rays extracted from 
the singles spectra.
Additional information on spin-parity assignments for the 
excited levels and on radiative mixing ratios was obtained through the 
analysis of y-ray angular distributions taken close to the threshold 
for particular levels of interest in the 65Ga residual nucleus.
A valuable feature in aiding the interpretation of the results is that, 
because of J77 of 0f for the ground state of 66Ga (Hu 57, Wo 57), the 
y-transitions to this state are of pure multipolarity.
2.5.2 Experimental techniques
The experimental procedures adopted for the study of 
65Zn(p,ny)66Ga closely follow the techniques used for 62Ni(p,ny)62Cu 
reaction studies as detailed in Section 2.3.2. The proton beam 
was provided by the A.N.U. EN Tandem Van de Graaff accelerator.
While this work was almost complete Harms-Ringdahl et al, (Ha 70) 
reported their preliminary results on the study of 63Cu(a,ny)66Ga. 
They located the high spin states (J  ^2) in 66Ga at 96, 349,
702, 1150 and 1750 keV. The results of the present study indicate 
that the energy of these levels, in fact, is 43.9 keV higher in 
each case.
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spectrometers were obtained using sources of 178Ta, and 228Ra (Li 69), 
placed at the target position within the actual target chamber.
2.5.2.4 Gamma-gamma coincidence measurements. Gamma-gamma coincidence 
measurements were made in order to confirm the assignment of many 
y-transitions in the 88Ga decay scheme. The two Ge(Li) detectors 
mentioned above were positioned at ± 55° with respect to the beam
axis and were shielded from each other by a 7.6 cm thick lead absorber. 
The selection of the ± 55° forward angles and the presence of the lead 
absorber will minimize the possibility of the production of spurious 
peaks by Compton scattering (Gi 71). Both the detectors used room 
temperature FET preamplifiers and the signals were then passed through 
respective ORTEC electronic units shown in the block diagram of the 
set up in fig. 2.5.1. With leading-edge timing in conjunction with 
an ORTEC type 437 time to pulse-height converter, a time resolution of 
70 ns FWTM was achieved. The coincidence events were stored in a 
1024 x 1024 channel configuration as related address pairs on a disk 
storage system linked to an IBM 1800 time-sharing computer. The 
spectra could be recovered later off-line by a program SCAN (Op 70) 
that allowed one to obtain gated "slices". The beam currents in 
these measurements were typically 15 nA.
2.5.2.5 Gamma-ray distributions. For measurements of angular 
distributions of y-rays, a second cylindrical perspex target chamber, 
was used. This chamber of 7.5 cm outer diameter and wall thickness 
0.32 cm, was mounted over a rotatable carriage. The beam was stopped 
in a 145 ym thick tantalum absorber placed directly behind the target, 
which enabled a movable Ge(Li) counter to be positioned at 0°. The 
other Ge(Li) detector was placed at 90° to the beam direction to act 
as a monitor.
2.5.3 Construction of the 66Ga decay scheme
A substantial number of y-singles spectra were obtained at 
0 = 55°, whete 0 is the angle subtended at the target between the 
Ge(Li) counter and the beam axis,using an approximately 200 yg/cm 
target and a beam current of approximately 100 nA. A series of 
y-spectra was measured at 20 keV intervals from below threshold up
F igu re  2 .5 .1  Block diagram of  t h e  c i r c u i t  used  t o  s tudy  
t h e  y-y  c o in c id e n c e  even ts  in  t h e  
66Z n ( p , n y ) 66Ga r e a c t i o n .  The system, 
u s in g  a l e a d in g  edge t im in g ,  gave a t ime 
r e s o l u t i o n  o f  70 ns FWTM.
8
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0
Fig. 2.5.1.
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to an excitation energy of 760 keV in 66Ga. Another series of y-spectra 
was obtained over the same range of excitation in steps of approximately 
50 keV using a target of approximately 1.3 mg/cm2 thickness. The 
latter spectra were obtained with beam currents approximately 20 nA, and 
were used in the determination of y-ray branching ratios. Four of 
these spectra corresponding to excitation energies in 56Ga of 268 keV,
416 keV, 614 keV and 764 keV are displayed in figs. 2.5.2, 2.5.3 and 
2.5.4. A list of y-ray energies and their errors is given in table 
2.5.1.
To assist in the construction of the decay scheme, y-y 
coincidence spectra were collected at = 6.34 MeV, 6.51 MeV and 
6.82 MeV, which correspond respectively to maximum excitations of 
288 keV, 458 keV and 764 keV. The thickness of the 66Zn target 
used in these cases corresponded to an energy loss of approximately 
40 keV for the proton beam. It was found that the construction 
of the decay scheme was greatly simplified by taking the coincidence 
data at these three separate energies. The coincidence relationships 
are summarized in table 2.5.2 and the sample coincidence spectra, all 
taken at E^ = 6.82 MeV, are shown in fig. 2.5.5 and fig. 2.5.6. It 
can be seen that no spurious photo peaks due to Compton scattering 
(Gi 71) were recorded in these spectra.
The decay scheme constructed on the basis of coincidence 
data and excitation functions of individual y-rays extracted from the 
y-singles spectra is shown in fig. 2.5.7. It is more complicated 
than that derived from the 66Ge 3-decay experiments (Bo 69, Ba 69,
Sa 69, Bo 70). The flags at the right hand extremity of 14 of the
energy levels in fig. 2.5.7 denote new levels reported in this work 
for the first time. In addition to the 39 y-transitions put forward 
by de Boer et al. (Bo 70), an extra 29 y-transitions are present in 
the decay scheme. Gamma-ray branching ratios for new levels are 
shown in table 2.5.3.
Gamma rays, such as the 269.1 keV and 393.6 keV y-rays, 
which are placed feeding into the 66.3 keV level, were not observed 
in coincidence with the 43.9 keV y-ray. A possible explanation is 
that the lifetime of the 66.3 keV state might be somewhat longer 
than the coincidence resolving time.
Figure 2.5.2 Two y-ray singles spectra taken at Ep = 6.32 
and 6.47 MeV, at 0 = 55°, using a Ge(Li) 
spectrometer. The excitation energies in 
88Ga represent the maximum excitation energy 
attained and have not been adjusted for 50 keV 
energy loss in the target. The structure on 
the low energy side of the 43.9 keV y-peak is 
considered to be due predominantly to back- 
scattering out of the Ge(Li) detector. The 
weak y-ray at 158.6 keV was not placed in the 
decay scheme. Background y-peaks, which were 
observed to originate below threshold, have been 
labelled as follows:
(A) y-rays associated with 57Zn(p,ny)87Ga 
reaction (Ba 70).
(B) y-rays associated with 88Zn(p,ny)88Ga 
reaction (Bi 68).
(C) 171 keV y-ray from 27A1(p,py)27A1 reaction.
(D) Unidentified background y-rays.
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Figure 2.5.3 Singles Y-ray spectrum taken at Ep = 6.67 MeV,
corresponding to an excitation energy of 614 keV. 
The labelling of contaminant Y-rays is discussed 
in the caption to fig.2.52. The placement of the 
197.4 keV Y-ray, which was first observed at 
E^ = 380 keV, in the decay scheme is uncertain.
COUNTS PER CHANNEL
Fig. 2.5.3
Figure 2.5.4 Portions of y-singles spectrum taken at
Ep = 6.82 MeV and E = 764 keV. The weak r x
y-rays at 441.6 and 448.6 keV are believed 
to originate from the 66Zn(p,n)66Ga reaction, 
but their place in the decay scheme is 
uncertain.
COUNTS PER CHANNEL
Fig. 2.5.4
TABLE 2.5.1
Tabulation of y-rays observed in the ZnCp,ny) reaction, 
listed according to energy.
Ey(keV) Ey(keV) Ey(keV)
22.4 ± 0.1 234.0 ± 0.2 390.5 ± 0.2
43.9 ± 0.1 245.7 ± 0.2 393.6 ± 0.2
53.4 ± 0.2a^ 247.0 ± 0.3 416.1 ± 0.1
65.1 ± 0.1 252.8 ± 0.1 441.6 ± 0.5a^
71.6 ± 0.2 261.2 ± 0.1 448.6 ± 0.5a^
90.9 ± 0.5 269.1 ± 0.1 458.6 ± 0.2
96.4 ± o.ib > 273.0 ± 0.1 470.4 ± 0.4
108.9 ± 0.1 291.2 ± 0.3 472.0 ± 0.4
125.2 ± 0.1 291.5 ± 0.1 476.8 ± 0.2
128.2 ± 0.6 297.3 ± 1.0 486.7 ± 0.2b^
137.8 ± 0.4 302.5 ± 0.5 536.7 ± 0.1
140.2 ± 0.2 315.6 ± 0.3 553.8 ± 0.5
147.8 ± 0.3 318.7 ± 0.4 555.2 ± 0.5
158.6 ± 0.3a^ 326.0 ± 1.0 576.9 ± 0.2
172.8 ± 0.3 338.0 ± 0.1 597.5 ± 0.5
182.0 ± 0.1 351.0 ± 0.2 598.2 ± 0.5
190.2 ± o.ib > 353.7 ± 0.2 620.4 ± 0.3
197.4 ± 0.3 357.4 ± 0.5 706.0 ± 0.2
225.8 ± 0.8 381.9 ± 0.1
226.4 ± 0.1 386.8 ± 0.2
a) Position of y-ray in decay scheme uncertain.
b) 2 y-rays of same energy exist in the decay scheme.
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Figure 2.5.5 y-ray spectrum in coincidence with a window 
placed around the 96.4 keV photopeak. The 
proton energy was 6.82 MeV. Random events 
have not been subtracted.
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Figure 2.5.6 y-ray spectrum in coincidence with (a) 190.2 
keV y-ray and (b) 182.0 keV y-ray. The proton 
energy was 6.82 MeV. Random events have not 
been subtracted.
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Figure 2.5 7 Final decay scheme for levels below 730 keV 
excitation in 66Ga. The flags at the right 
end of an energy level denote new levels 
resulting from the present investigation. 
Filled semi-circles denote y-rays which were 
observed to be in coincidence. The spin 
assignments at the left are based in part on 
y-ray angular distributions and also in part 
on previous 3-decay experiments (Bo 69, Ba 69, 
Sa 69, Bo 70).
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TABLE 2 . 5 .3
Summary o f  t h e  b ranch ing  r a t i o s  f o r  the  decay 
o f  some o f  t h e  l e v e l s  in  ^ G a .
^ l e v e l
(keV)
E
Y
(keV)
Branching
(%)
140.3 96.4 97 ± 1
140.2 3 ± 1
162.6 53.4 3 ± 2
96.4 97 ± 2
291.0 128.2 3 ± 2
182.0 87 ± 5
247.0 3 ± 2
291.2 7 ± 4
335.4 172.8 8 ± 2
226.4 18 ± 2
269.1 19 ± 2
291.5 55 ± 2
401.4 261.2 57 ± 2
357.4 43 ± 2
459.9 225.8 3 ± 2
297.3 4 ± 2
351.0 20 ± 3
393.6 12 ± 3
416.1 61 ± 5
530.7 137.8 17 ± 5
390.5 27 ± 6
486.7 56 ± 8
597.6 553.8 2 35
597.5 2 65
617.1 326.0 8 ± 4
476.8 92 ± 4
620.8 386.8 37 ± 4
576.9 63 ± 4
664.3 555.2 18 ± 6
598.2 58 ± 9
620.4 24 ± 7
4 0 .
An i n t e r e s t i n g  f e a t u r e  i s  th e  com posite  n a tu r e  o f  th e  96.4 
keV pho topeak . F ig .  2 .5 .8  shows an e x c i t a t i o n  f u n c t io n  o f  t h i s  
y - r a y .  The b reak  in  th e  curve  a t  = 170 keV i s  i n t e r p r e t e d  as  
ev idence  f o r  two d i s t i n c t  y - r a y s  o f  ap p ro x im a te ly  th e  same energy .  
A d d i t io n a l  suppo rt comes from th e  y-y  c o in c id e n c e  r e s u l t s .  To quote  
a s p e c i f i c  i n s t a n c e ,  a window on th e  252 keV y~ray , which from f i g .
2 .5 .5  can be seen to  be c o in c id e n t  w ith  a 96 .4  keV peak , i n d i c a t e d  
t h a t  a weak 140.2 keV y - ra y  was a l s o  in  c o in c id e n c e .  A l e v e l  a t
140.3 keV, t h e r e f o r e ,  i s  proposed  in  a d d i t i o n  to  t h e  l e v e l  a t
162.6  keV proposed  by de Boer e t  a l .  (Bo 70).
#
2 .5 .4  Gamma-ray a n g u la r  d i s t r i b u t i o n s
A s e l f - s u p p o r t in g  t a r g e t  o f  1 .3  mg/cm2 t h i c k n e s s  ang led  a t  
45° t o  th e  beam, was used  in  th e  y - r a y  a n g u la r  d i s t r i b u t i o n  m easu re ­
m ents .  In  t h i s  p o s i t i o n ,  th e  e f f e c t i v e  th ic k n e s s  o f  th e  t a r g e t  was 
e q u iv a le n t  to  a p ro to n  energy lo s s  o f  ap p ro x im a te ly  68 keV c o r re sp o n d in g  
a p p ro x im a te ly  to  15T (Er 66) where T i s  th e  mean l e v e l  w id th  o f  th e  
s t a t e s  in  t h e  compound n u c leu s  67Ga. T h is  means s u f f i c i e n t  energy  
av e ra g in g  o ver  th e  E r ic s o n - ty p e  (Er 66) c r o s s - s e c t i o n  f l u c t u a t i o n s  e x i s t s .
Angular d i s t r i b u t i o n s  o f  more p rom inen t y - r a y s ,  o b ta in e d  by 
i n t e g r a t i n g  th e  f u l l - e n e r g y  p eak s ,  were measured a t  p ro to n  e n e rg ie s  
o f  6 .25 MeV, 6.40 MeV, 6 .55 MeV and 6 .70  MeV which co rresp o n d  r e s ­
p e c t i v e l y  to  e x c i t a t i o n  e n e rg ie s  in  66Ga o f  200 keV, 348 keV, 495 keV 
and 634 keVi The r e s u l t s  were c o r r e c t e d  f o r  sm all in s t r u m e n ta l  
a n i s o t r o p i e s  and a b s o r p t io n  in  th e  back ing  and th e n  f i t t e d  t o  th e  
ev en -o rd e r  Legendre expansion  on an IBM 1800 com puter u s in g  th e  
method o f  l e a s t  sq u a re s .  S ince  no a p p r e c ia b le  A4 c o e f f i c i e n t  f o r  
any y - r a y  was found, th e  l e a s t  sq u a re s  ad ju s tm en t was t r u n c a t e d  a t  
second o r d e r .  The ex p e r im en ta l  A2 c o e f f i c i e n t s ,  a f t e r  a l lo w in g  
f o r  t h e  f i n i t e  s i z e  o f  th e  Ge(Li) d e t e c t o r  (Ca 69) a r e  shown in  
t a b l e  2 .5 .4 .  The ex p e r im en ta l  c o e f f i c i e n t s  were compared w ith  t h e  
t h e o r e t i c a l  p r e d i c t i o n s  o f  th e  compound n u c le u s  model u s in g  th e  
computer code MANDY (Sh 66 , Sh 69). The p o s s i b l e  sp in  a ss ig n m e n ts  
and th e  mixing r a t i o s  which r e s u l t e d  from t h i s  com parison a r e  
c a p t io n e d  in  th e  l a s t  two columns o f  t a b l e  2 . 5 .4 .  Here th e  s ig n s  
o f  th e  mixing r a t i o s  fo l lo w  th e  phase  c o n s i s t e n t  co n v en t io n  o f  Rose
Figu re  2 . 5 .8  E x c i t a t i o n  f u n c t i o n  of  t h e  96.4 keV y-peak
2
t a k e n  with  a 200 yg/cm t a r g e t ,  as observed
with  a Ge(Li)  d e t e c t o r  p o s i t i o n e d  a t  6 = 90°.
The "break"  in  th e  curve  a t  E = 1 7 0  keVx
i n d i c a t e s  t h a t  t h e  96.4 keV y-peak  i s  composed
of two s e p a r a t e  t r a n s i t i o n s .  One comes in  a t
E = 150 keV, and t h e  o t h e r  a t  E = 170 keV. x x
I f  t h e  96.4 keV y - r a y  were s i n g l e ,  i t s  e x c i t a ­
t i o n  f u n c t i o n  would f o l l o w  th e  con t inuous  l i n e  
i n  th e  f i g u r e ,  which was t a k e n  from th e  behav iour  
o f  th e  e x c i t a t i o n  f u n c t i o n  o f  t h e  190.2 keV 
y - r a y  which a l s o  o r i g i n a t e s  from a J  = 2 s t a t e .
o
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TABLE 2.5.4
Experimental Legendre Coefficients obtained from 
the analysis of y-ray angular distributions, 
possible spin sequences and mixing ratios.
Ep EY Transition A2 exp. Spin Mixing Ratio
(MeV) (keV) Sequence (6)
6.25 96.4 140.3 43.9 ))-0.56
2+ 1 +
) 0$ 66.25 96.4 162.6 - 66.3 ± 0.07 2+ - 1+ $ 0.5
6.25 108.9 108.9 - 0 -0.185 ± 0.025 1 + - 0+ 0
6.40 182.0 291.0 - 108.9 -0.03 ± 0.06 2+ - 1+ -0.20 ± 0.04
1 + - 1+ 0.22 ± 0.12
6.40 190.2 234.1 - 43.9 -0.17 ± 0.03 2 + - 1+ -0.11 ± 0.03
1 + - 1+ 0.55<6<1.9
6.55 226.4 335.4 - 108.9 -0.20 ± 0.04 2+ - 1+ -0.09 ± 0.03
6.55 269.1 335.4 - 66.3 0.50 ± 0.04 2+ - 2+ -0.18 ± 0.06 or
-1.40 ± 0.15
6.55 291.5 335.4 - 43.9 -0.28 ± 0.05 2 + - 1 + -0.04 ± 0.04
6.55 381.9 381.9 - 0 -0.24 ± 0.035 1 + - 0+ 0
6.55 338.0 381.9 - 43.9 0.06 ± 0.04 1+ - 1 + 0.05 ± 0.09
6.55 273.0 381.9 - 108.9 0. 21 ± 0.04 1+ - 1 + -0.24 ± 0.10
6.55 252.8 393.1 - 140.3 -0.06 ± 0.03 2+ - 2+ 0.40 ± 0.05
3+ - 2+ -0.15 ± 0.03
6.55 261.2 401.4 - 140.3 0.52 ± 0.05 2 * - 2+ -0.20 ± 0.08
3+ - 2+ -0.55 ± 0.06
6.55 357.4 401.4 - 43.9 ~ 0.15 2+ - 1 + - 0.3
6.70 351.0 459.9 - 108.9 - 0.18 2+ - 1 + 25 - 0.1
6.70 416.1 459.9 - 43.9 -0.29 ± 0.05 2+ - 1+ -0.03 0.03
6.70 353.7 516.3 - 162.6 £ - 0.20 2+ - 2+ ~ 0.6
3+ - 2+ - 0.07
6.70 486.7 530.7 - 43.9 0.66 ± 0.11 2+ - 1 + -0.87 + 0.170.25
6.70 470.4 536.7 - 66.3 -0.14 ± 0.06 1 + - 2+ >0
6.70 318.7 552.8 - 234.1 -0.30 ± 0.12 2+ - 2+ 0,75 0.25
3 + _ 2+ 0.0 0.1
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and Brink (Ro 67). The transmission coefficients needed in the 
calculations were derived from the optical model parameters of Wilmore 
and Hodgson (Wi 64), Perey and Buck (Pe 62) and Rosen et al. (Ro 65) 
for neutrons; Perey (Pe 63) and Rosen et al. (Ro 65) for protons; 
and Bock et al. (Bo 67) for a-partides.
In some cases, to compare the experimental distribution 
with theory, y 2 fits were made for selected spin values using a 
computer code. The values of y2 were normalized by dividing the 
weighted sum of the squares of the residuals by (M - N), where 
M is the number of angles at which data was obtained and N is the 
number of free parameters. The 0.1% confidence limit was used as 
the criterion to exclude unacceptable fits. An example is shown in 
fig. 2.5.9. The upper portion of the figure shows the angular 
distribution data and y2 plots for the 291.5 keV y-ray and the lower 
portion gives those for the 269.1 keV y-ray. Both these y-rays 
depopulate the level at 335.4 keV. Error bars shown are largely 
statistical. As can be seen a unique assignment of 2+ is deduced 
for this state.
2.5.5 Result s
The present study has established the decay scheme of 
66Ga up to an excitation of 730 keV approximately. As can be seen 
from fig. 2.5.7 another fourteen levels, in addition to those given 
by de Boer et al. (Bo 70), have been found to exist up to this 
excitation energy.
The position of 66Ga in the nuclide chart is such that it 
is not possible to obtain experimental data on nucleon transfer and 
pick-up reactions. This means that parity assignments, with 
possible exception of those levels populated in 66Ge 3-decay, have 
not been determined for most of the levels in fig. 2.5.7. However 
it is expected from shell model systematics in this region that the 
parities are all positive for the low-lying levels.
2.5.5.1 The 108.9 keV and 381.9 keV y-ray angular distributions. 
3-decay studies (Bo 69, Ba 69, Sa 69, Bo 70) have established the
Figure 2.5.9 Angular distributions and y2 plots for the 
291.5 keV and 269.1 keV y-rays. The spin- 
parity assignment for the 335.4 keV level
7T +is deduced to be J = 2 .
Fig 2 . 5. 9
4 3 .
l e v e l s  i n  66Ga a t  108„9 keV and 381.9  keV to  be l f . The y - ray s
■4*
from t h e s e  l e v e l s  t o  t h e  0 ground s t a t e ,  t h e r e f o r e ,  a r e  pure 
m agnetic  d i p o l e  t r a n s i t i o n s .  Because of  t h i s  absence  o f  m u l t i p o l e  
m ix ing ,  th e  an g u la r  d i s t r i b u t i o n  o f  t h e s e  y - r a y s  can be u n iq u e ly  
p r e d i c t e d  by th e  compound nuc leus  s t a t i s t i c a l  model (Sh 66 , Sh 69).
The on ly  e x t e r n a l  v a r i a b l e  i s  th e  cho ice  o f  t h e  b a r r i e r  t r a n s m i s s i o n  
c o e f f i c i e n t s ,  which in  t u r n  i s  c l o s e l y  a s s o c i a t e d  w i th  th e  s e l e c t i o n  
o f  o p t i c a l -m o d e l  p a r a m e te r s .  The th e o r y  was worked out  f o r  t h e  
c o n d i t i o n s  o f  t h i s  exper iment and A2 and A4 Legendre c o e f f i c i e n t s  a r e  
l i s t e d  i n  t a b l e  2 . 5 . 5  f o r  d i f f e r e n t  o p t i c a l  model pa ram ete rs  and 
s p in  sequences .  The d i s t r i b u t i o n s  were found t o  be much more 
s e n s i t i v e  t o  n e u t ro n  t r a n s m i s s i o n  c o e f f i c i e n t s  than  t h o s e  f o r  p r o t o n s .  
The exper im en ta l  A2 = -0 .185  ± 0.025 i s  i n  good agreement w i th  t h e
■f- "f* —
t h e o r e t i c a l  v a lu e  o f  -0 .186  f o r  a 1 - 0 sequence .  The 1 , 2 and
2 as s ignment can be excluded a t  0.1% c o n f id e n ce  l i m i t  i n  y 2* I t  
i s  a l s o  t o  be no ted  t h a t  t h e  t h e o r e t i c a l  p r e d i c t i o n s  o f  t h e  A2 
c o e f f i c i e n t  depend on th e  p a r i t y  o f  t h e  sp in -o n e  108.9 keV s t a t e .
The v a lu e  o f  A2 = -0 .2 4 0  ± 0.035 f o r  t h e  381.9  keV y - r a y  
i s  about  two s t a n d a rd  d e v i a t i o n s  h ig h e r  t h a n  t h e  t h e o r e t i c a l l y  
p r e d i c t e d  v a l u e s  which,  a s  t a b l e  2 . 5 . 5  i n d i c a t e s ,  a r e  v e r y  i n s e n s i t i v e  
t o  t h e  c h o ice  o f  t r a n s m i s s i o n  c o e f f i c i e n t s .  Both a 1+ and a 1 
ass ignment  ag ree  w i th  the  ex p e r im en ta l  datum a t  t h e  0 . 1% c o n f id e n ce  
l i m i t .  Th is  h ig h e r  v a l u e  of  th e  exper im en ta l  A2 c o e f f i c i e n t  cannot  
be a t t r i b u t e d  t o  a y - f e e d  from t h e  h ig h e r  r e g io n s  o f  t h e  decay scheme 
( see  f i g .  2 . 5 . 7 ) .  A p o s s i b l e  e x p l a n a t i o n  i s  t h a t  s i n c e  t h i s  e x p e r i ­
ment was conducted  a t  h ig h e r  p r o to n  bombarding e n e r g i e s  than  th o s e  
used  in  (p ,ny)  exper iments  o f  a s i m i l a r  n a t u r e  conducted  e lsewhere  
(Tw 70,  Ro 71, Me 70, Te 70) ,  t h e  d i r e c t  r e a c t i o n  component may be 
more s u b s t a n t i a l .
The J 71 a s s ignm en ts  in  te rms o f  i n d i v i d u a l  l e v e l s  in  66Ga 
a r e  g iven  below.
2 . 5 . 5 . 2  The ground l e v e l . The t o t a l  a n g u la r  momentum of  t h e  66Ga 
ground s t a t e  has been measured by th e  atomic  beam magnetic  re sonance  
method to  be zero  (Hu 57, Wo 57).  A s i m i l a r  s i t u a t i o n  e x i s t s  i n  th e  
n e ighbour ing  n u c l id e  64Ga (De 66) .
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TABLE 2.5.5
EP(MeV)
EY
(keV)
Spin
Sequence
A2 A4 Neutron OM 
parameters^
6.25 108.9 i+ - 0 + -0.186 ref. (Wi 64)
r - 0+ -0.288 ref. (Wi 64)
i+ - o+ a) -0.174 ref. (Wi 64)
2+ - 0+ 0.497 -0.291 ref. (Wi 64)
2' - 0+ 0.473 -0.288 ref. (Wi 64)
6.55 381.9 l" - 0+ -0.285 ref. (Wi 64)
i+ - 0+ -0.177 ref. (Wi 64)
i+ - 0 + -0.174 ref. (Ro 65)
i+ - 0+ -0.177 ref. (Pe 62)
a) To observe the effect of changing the incident beam 
energy, the theoretical prediction for E^ = 6.28 MeV 
is given.
b) The proton and alpha optical model parameters are from 
Perey (Pe 63) and Bock et al. (Bo 67) respectively.
The theory is more sensitive to choice of neutron 
parameters which were taken from the works of Wilmore and 
Hodgson (Wi 64), Rosen et al. (Ro 65), and Perey and 
Buck (Pe 62).
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2 .5 .5 .3  The l e v e l s  a t  4 3 .9 ,  66.3 and 108.9 keV. The 43 .9  and 
108.9 keV ground s t a t e  t r a n s i t i o n s  a r e  c o n s i s t e n t  w ith  d ip o le
*4 "ass ignm en ts  from e l e c t r o n  c o n v e rs io n  s t u d i e s  and 1 a ss ignm ents  
have been g iv en  to  th e  a p p r o p r i a t e  l e v e l s  (Bo 7 0 ) .  The a n g u la r  
d i s t r i b u t i o n  o f  th e  108.9 keV y - r a y  in  th e  p r e s e n t  work le a d s  to  a
•4-
un ique  v a lu e  o f  1 f o r  th e  108.9 keV l e v e l .
The 66.3 keV s t a t e  i s  d ep o p u la ted  by a 22.4 keV t r a n s i t i o n  
and has an ass ignm ent o f  2+ which i s  based  on an absence  o f  any 
d e t e c t a b l e  R-feed (Bo 70).
2 . 5 .5 . 4  The l e v e l s  a t  140.3 and 162.6  keV. The s t ro n g  a n i s o t ro p y  
o f  th e  a n g u la r  d i s t r i b u t i o n  o f  th e  com posite  96 .4  keV photopeak  can 
on ly  be r e c o n c i l e d  w ith  t h e o r e t i c a l  p r e d i c t i o n  by a s s ig n in g  J  = 2 
v a lu e s  to  th e  two l e v e l s .  From th e  com parison o f  th e  140.2 keV:
96.4  keV i n t e n s i t y  r a t i o s  in  th e  spectrum  c o in c id e n t  w ith  th e  
252.8 keV y - r a y  and w ith  a y - s i n g l e s  spectrum  a t  E^ = 268 keV, a 
b ran ch in g  r a t i o  o f  65%: 36% a p p ro x im a te ly  was o b ta in e d  f o r  th e  96.4  
keV y - r a y  d e p o p u la t in g  th e  162.6 keV and 140.3 keV s t a t e s  r e s p e c t i v e l y .  
E x tra  su p p o r t  f o r  t h i s  b ranch ing  r a t i o  comes from th e  e x c i t a t i o n  
f u n c t io n  in  f i g .  2 .5 .8 .  S ince  th e  y - fe e d  in to  th e  140.3 keV l e v e l
i s  g r e a t e r  th a n  i n t o  th e  162.6 keV l e v e l ,  th e  b ran ch in g  r a t i o  a t  
E^ -  600 keV changes to  58% : 42%.
The weak 53.4 keV y - r a y ,  seen  f i r s t  a t  E^ -  200 keV, was 
n o t  seen  in  c o in c id e n c e .  On th e  b a s i s  o f  energy  sum r e l a t i o n s h i p s  
o n ly ,  as  in  r e f .  (Bo 7 0 ) ,  i t  can be i d e n t i f i e d  as  a 162.6  -> 108.9 
keV t r a n s i t i o n .  However th e  b ran ch in g  r a t i o  f o r  th e  9 6 .4 /5 3 .4  keV 
t r a n s i t i o n s  i s  97% : 3%, which i s  co m p le te ly  d i f f e r e n t  from th e  
v a lu e  40% : 60% proposed  by de Boer e t  a l .  (Bo 7 0 ) .  A p o s s i b l e  con­
c l u s i o n  i s  t h a t  th e  53 .4  keV y - r a y  observed  in  t h e  3-decay s tu d y  i s  
n o t  th e  same as  th e  one observed  in  th e  p r e s e n t  work.
2 .5 .5 . 5  The l e v e l s  a t  234.1 and 291.0  keV. These l e v e l s  a r e  w ell  
e s t a b l i s h e d  from 3-decay  s t u d i e s .  From th e  absence  o f  any d i r e c t  
3 - f e e d s ,  b o th  a r e  g iven  th e  ass ignm ent 2 + (Bo 7 0 ) .  However th e  
y - r a y  a n g u la r  d i s t r i b u t i o n  r e s u l t s  h e re  a g re e  w i th  J  = 1 o r  2
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assignments. In the case of 190.2 keV y-ray, (234.1 keV ->43.9 keV) 
the value of 6 obtained from the electron conversion studies (Bo 70) 
is ±(0.26 ± 0.11), which is in fair agreement with 6 = -0.11 ± 0.03 
for a J = 2 assignment derived from the present work. The isotropy 
of the 182.0 keV y-ray could also be consistent with a lifetime of 
~ ns for the 291.0 keV state.
2.5.5.6 The level at 335.4 keV. This level was not seen in 3-decay.
The existence of the level has been well established from the y-y 
coincidence data in the present study. As can be seen from the 
fig. 2.5.7, the level de-excites by four y-transitions of energy 
172.8 keV, 226.4 keV, 269.1 keV and 291.5 keV. Although the 269.1 
keV y-ray did not appear in coincidence with the 43.9 keV y-ray as 
mentioned in Section 2.5.3, it exhibited the same threshold behaviour 
as the other y-rays depopulating this level.
As the 172.8 keV y-transition was very weak, the angular 
distribution measurements were made for the other three only. 
Experimental distributions and x2 plots for the 269.1 keV and 291.5 
keV y-ray have been shown in fig. 2.5.9. The only assignment for 
the level consistent with the data is J = 2.
2.5.5.7 The level at 381.9 keV. From 3-decay studies, this level
is known to receive a 48% 3-feed (Bo 70), but the population of this 
level through (p,n) reaction is not so pronounced. The angular dis­
tribution of the 381.9 keV y-ray is consistent with J = 1 assignment 
for the level as proposed previously (Bo 69, Ba 69, Sa 69, Bo 70).
2.5.5.8 The levels at 393.1, 401.4 and 424.3 keV. None of these
three levels has been reported previously. As indicated by table 
2.5.2, the 252.8 keV y-ray was seen in coincidence with the 96.4 keV 
and 140.2 keV y-rays. This clearly places the new level at 393.1 
keV. The angular distribution for the 252.8 keV transition is given 
by
W(0) = 1.0 -(0.06 ± 0.03) P2(cos0)
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and is consistent with either a J = 2 or 3 assignment for the state.
The 401.4 keV level was established from coincidence relation­
ships involving the 261.2 keV and 357.4 keV y-transitions, although the 
angular distribution of the 261.2 keV y-ray (57% branch) is consistent 
with J = 2 or 3, the angular distribution of the 357.4 keV y-ray
IT(43% branch) is not compatible with J = 3, assuming pure E2 multi-
”4"polarity. Therefore a 2 assignment is preferred for the 401.4 keV 
level.
The existence of the 424.3 keV level is based on a strong 
coincidence of the 190.2 keV y-ray with itself, as evidenced in 
fig. 2.5.6 and captioned in table 2.5.2. From inspection of the 
width of the 190.2 keV photopeak in the y-singles spectra, it appears 
that the two y-rays have the same energy to within 0.3 keV of each 
other.
2.5.5.9 The levels at 459.9 and 516.3 keV. The existence of the 
former level is strongly supported both from the y-y coincidence 
data and excitation function data. The level has been found to be 
excited strongly in the (p,n) reaction. The level, in fig. 2.5.7, 
is shown to decay through five gamma transitions of energy 225.8 keV 
(3 ± 2%), 297.3 keV (4 ± 2%), 351.0 keV (20 ± 3%), 393.6 keV 
(12 ± 3%) and 416.1 keV (61 ± 5%). From fig. 2.5.3 it can be seen 
that the 416.1 keV y-ray is of comparable intensity to the 381.9 keV 
y-ray, the most intense y-ray observed in 66Ge 3-decay.
Angular distributions were measured only on the more 
intense y-rays, i.e. the 351.0 and 416.1 keV ones. A unique value 
of J = 2 was deduced from the comparison of experimental distributions 
with the theoretical predictions.
The 516.3 keV level populates the 162.6 keV state via a 
353.7 keV y-ray, which was observed to be in coincidence with the 
96.4 keV y-ray. This fact, plus observation of the behaviour of 
the excitation function of the 353.7 keV y-ray, establishes the 
existence of the level at 516.3 keV.
It was not possible from the angular distributions to
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distinguish between J = 2 and 3 for this level.
2.5.5.10 The levels at 530.7 and 536.7 keV. The 530.7 keV level
is new; two of the three y-rays originating from this state are
as indicated in table 2.5.2, in the coincidence spectrum. The
486.7 keV y-ray distribution is compatible only with J = 2 or 3, 
however, since it makes up 56% of the decay of this state an E2 
transition is unlikely and an assignment of J = 2 is preferred.
The 536.7 keV state is well established from 3-decay 
studies (Bo 69, Ba 69, Sa 69, Bo 70). It was not possible to
observe the weaker y-rays postulated by de Boer et al. (Bo 70) 
associated with the decay of this level, even in coincidence. This 
is due in part to the continuum produced by (p,p’y) events and the 
general accelerator background produced by a 6 MeV proton beam, and 
also in part to the fact that competition among the increased number 
of exit neutron channels reduces the cross section to any particular 
level. However the weaker y-rays (Bo 70) are included in fig. 2.5.7 
for the sake of completeness.
2.5.5.11 The level at 552.8 keV. This level has been seen for the 
first time in this work. The sole de-exciting y-transition of
318.7 keV was found to be in coincidence with the 190.2 keV transition 
which depopulates the 234.1 keV state. The angular distribution data 
are given by
W(0) = 1.0 -(0.30 ± 0.12) P2(cosG),
and are consistent with J = 2 or 3.
2.5.5.12 The levels at 597.6, 598.9, 617.1 and 620.8 keV. All these 
four states are new. Because of the low intensity of y-rays originating
from any of these four levels, or from other levels at higher excitation 
shown in fig. 2.5.7 no attempt was made to extract angular distribution 
coefficients. The level at 598.9 keV was the only one that was 
established from coincidence data; a 458.6 keV y-ray depopulates the 
level to the 140.3 keV level.
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The other three levels are based on sum-difference energy 
relationships and on the study of their respective excitation 
functions. They are to some extent tentative. Possible spin-parity 
values are given in fig. 2.5.7.
2.5.5.13 The levels at 664.3, 706.0 and 720.8 keV. A level at 
664 keV was first proposed on sum energy relationship by de Boer et 
al. (Bo 70). No evidence for a ground state transition was gleaned 
from the present work, as can be seen in the fig. 2.5.4.
The 706.1 keV level is well known from 3-decay (Bo 69,
Ba 69, Sa 69, Bo 70), where it received a substantial feed. The 
weaker low energy y-rays from the 706.1 keV level were not observed 
and those presented in fig. 2.5.7 are taken from ref. (Bo 70).
The level at 720.8 keV is established on the observation 
of coincidences between a 486.7 y-ray and a 190.2 keV y-ray (fig.
2.5.6 and table 2.5.2). Another 486.7 keV y-ray was observed at 
E^ = 614 keV (fig. 2.5.3) and is associated with the decay of the
530.7 keV state. The 720.8 keV level has an assignment of J = 2 
or 3.
2.6 SPINS IN 7°Ga
2.6.1 Introduction
In recent years, the low-lying excited states of the doubly 
odd nuclide 70Ga have been studied by many workers (Li 69a, Do 70,
Fi 70, Sa 70, Ta 70, Ar 71, Ve 71). Many of them have employed high 
resolution Ge(Li) spectrometers to localize the closely spaced levels 
in 70Ga using the 59Ga(n,y)70Ga (Li 69a, Ar 71, Ve 71) and 70Zn(p,ny)70Ga 
(Fi 70, Sa 70, Ta 70, Ar 71) reactions. Finckh et al. (Fi 70) determined 
an energy level scheme of 70Ga using (p,n) reactions and time of flight 
techniques. Energy levels of 70Ga have also been studied by Z.P. Sawa 
with (d,p) reactions in which proton groups were observed with moderate 
energy resolution (Sa 70). In a very recent study Arnell et al. (Ar 71) 
have used a number of charged particle reactions for the purpose of 
obtaining a more complete picture of the low-energy level structure.
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T he i r  s tudy  o f  t h e  67Zn(a,py)  ?0Ga r e a c t i o n  has i n d i c a t e d  the  
p o s s i b l e  e x i s t e n c e  o f  q u i t e  a few h igh  sp in  s t a t e s  i n  70Ga, i . e .  
J  = 3,  4 ............
The work conducted i n  a l l  the  r e f e r e n c e s  ment ioned above was 
d i r e c t e d  on th e  l o c a t i o n  o f  energy l e v e l s  and t h e i r  y -decay  in  70Ga.
No a t t e m p t  has been made so f a r  t o  a s s i g n  t h e  J  v a l u e s  t o  any o f  th e  
e x c i t e d  s t a t e s ' i n  70Ga. The p r e s e n t  s tudy  was u n d e r ta k e n  w i th  a view 
to  r e - i n v e s t i g a t e  t h e  decay  scheme and t o  measure th e  a n g u la r  d i s t r i b u ­
t i o n s  o f  t h e  more i n t e n s e  y - r a y s  fo l l o w in g  t h e  (p ,n )  r e a c t i o n .
In 1959, Morozov and Yampolski i  (Mo 59) observed  a long- 
l i v e d  (Tjy^ = 19 ± 1 msec) 190 keV y - a c t i v i t y  f o l l o w in g  th e  bombardment 
o f  a n a t u r a l  Ga t a r g e t  w i th  f a s t  p r o t o n s .  Due t o  an i n c o r r e c t  m easure ­
ment o f  th e  r e a c t i o n  t h r e s h o l d ,  th e y  a t t r i b u t e d  t h i s  a c t i v i t y  to  t h e  
71G a(p ,p n )70Ga r e a c t i o n  i n s t e a d  o f  t h e  7 IG a ( p ,n ) 71Ge r e a c t i o n  (Mo 61).
In t h e  f i r s t  s y s t e m a t i c  s tudy  o f  low - ly ing  l e v e l s  i n  70Ga u s in g  t h e  
(p ,n )  r e a c t i o n  w i th  a Nal (T l )  s p e c t r o m e te r ,  R e s te r  e t  a l .  (Re 66) 
observed a h i g h l y  e l e c t r o n  co n v e r ted  ( k - l i n e )  t r a n s i t i o n  o f  188 keV 
energy .  Th is  t r a n s i t i o n  was concluded  t o  be t h e  ground s t a t e  one 
from t h e  m e ta s t a b l e  l e v e l  a t  0.190 ± 0 .10 MeV r e p o r t e d  by Morozov and 
Yampolskii (Mo 59).  Th is  view was suppo r ted  by Finckh e t  a l .  (Fi 70) ,  
who c la im  t o  see a s t r o n g  188 keV l i n e  i n  t h e  de layed  spectrum of  
70Z n (p ,n y )70Ga in  accordance  w i th  t h e  abovementioned l i f e t i m e  of  
20 msec f o r  t h e  i s o m e r ic  l e v e l .  The e x i s t e n c e  of  t h i s  m e t a s t a b l e  
s t a t e  has  been p a r t i c u l a r l y  i n v e s t i g a t e d  i n  th e  p r e s e n t  work. No 
ev idence  o f  any 20 msec 188 keV a c t i v i t y  has been found.  The l i f e t i m e  
of  t h e  l e v e l  a t  878.6  keV which i s  c o n s id e r e d  t o  d e - e x c i t e  v i a  a 188 keV 
y - t r a n s i t i o n  has been  measured to  be t - 34 ± 4 n s e c .  The d e t a i l s  
o f  t h e  s tudy  o f  t h i s  a s p e c t  a r e  g iven  in  Chapter  4.
2 . 6 .2  Exper imen tal  p ro c e d u re s
Both th e  2 MeV Van de G ra a f f  and EN Tandem a c c e l e r a t o r s  a t  
A.N.U. were used t o  p ro v id e  p ro to n  beams f o r  t h e  s tudy  o f  th e  
70Z n (p ,n y )70Ga (Q = -1 .4354  MeV) r e a c t i o n .
2
T arg e ts  o f  a p p ro x im a te ly  1 .9  mg/cm t h i c k n e s s  were used  f o r
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s in g le s  as  w ell as  y - r a y  a n g u la r  d i s t r i b u t i o n  measurem ents. These 
were f a b r i c a t e d  by r o l l i n g  a m e t a l l i c  z inc  f o i l  e n r ic h ed  to  67.56% 
in  i s o to p e  70. O ther major c o n s t i t u e n t s  o f  th e  f o i l  were a s  fo l lo w s :
64Zn 12.7% Q = -7 .855  MeV
T»n
CD <T>
ts
i 3 8.05% 0 = -5 .957  MeVp , n
67Zn 2.32% 0 = -1 .783  MeVT>,n
68Zn 9.44% 0 = -3 .702  MeVp , n
For some o f  th e  s in g l e s  measurements th e s e  t a r g e t s  were 
mounted in  th e  p erspex  chamber (d e sc r ib e d  in  S e c t io n  2 . 5 . 2 ) .  The e x i t  
p o r t  o f  t h i s  chamber ended in  a beam dump s i t u a t e d  3 .0  m e tre s  down­
stream  from th e  t a r g e t .  A nother c y l i n d r i c a l  pe rsp ex  chamber, w ith  a 
7 .5  cm d iam ete r  and w a ll  th i c k n e s s  o f  0.32 cm, mounted above a r o t a t a b l e  
t a b l e  was used f o r  a n g u la r  d i s t r i b u t i o n  measurements and th e  r e s t  o f  th e  
s in g l e s  s p e c t r a .  In t h i s  case  t a r g e t s  were mounted on a 127 m icrom etre  
ta n ta lu m  back ing  to  s to p  th e  beam. A 508 m icrom etre  t h i c k  le ad  s h ee t  
fo llow ed  by a 508 m icrom etre  copper one was mounted on th e  f a c e  o f  th e  
d e t e c t o r  to  c u t  ou t low energy  y - r a y s  and x - r a y s .  Some o f  t h e  m easure­
ments were made by p la c in g  t h i s  s h ie ld in g  arrangem ent d i r e c t l y  beh ind  th e  
ta n ta lu m  back ing .
Gamma-ray s in g le s  s p e c t r a  were rec o rd e d  u s in g  e i t h e r  a
3
2 cm Simtec Ge(Li) s p e c tro m e te r  ( r e s o l u t i o n  -  3 .0  keV a t  1332 keV)
3
o r  a 30 cm O rtec Ge(Li) d e t e c t o r  ( r e s o l u t i o n  -  3 .7  keV a t  1332 keV) 
p la ced  a t  e i t h e r  0 = 55° or 90°. The more in t e n s e  y - l i n e s  in  70Ga 
were c a l i b r a t e d  by co u n t in g  60Co, 137Cs, 22Na and 57Co so u rces  s im u l­
ta n e o u s ly  w ith  some o f  th e  s in g l e s  s p e c t r a .  The energy  o f  th e  o th e r  
y - r a y s  were th e n  d e te rm ined  by u s in g  th e s e  more in t e n s e  peaks as  
secondary  r e f e r e n c e s .
3
The 30 cm Ge(Li) was mounted on th e  r o t a t a b l e  t a b l e  and 
could  be p o s i t io n e d  a t  any a n g le  between 0° and 90° to  th e  beam 
d i r e c t i o n  f o r  measurement o f  y - r a y  a n g u la r  d i s t r i b u t i o n s .  On th e
3
o p p o s i te  s id e  o f  th e  t a r g e t  chamber a 40 cm Ge(Li) d e t e c t o r  was f ix e d  
a t  90° to  th e  beam d i r e c t i o n  to  a c t  a s  a m o n i to r .  In  a n o th e r  s e t  of 
such measurements a 3" x 3" Harshaw N al(T l)  assem bly  was used f o r  t h i s  
pu rpose .  For th e  s t a t e s  h ig h e r  in  e x c i t a t i o n  y - ra y s  o f  1311.6 keV
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and 632.4 keV energy, which showed isotropic distributions at lower 
bombarding energies, were used as internal monitors.
To keep the proton bombarding energies just above the
threshold of the levels under study, the angular distribution spectra
were recorded at proton energies of 2.3 MeV, 2.49 MeV, 2.85 MeV,
2.9 MeV, 3.1 MeV and 3.23 MeV. These energies correspond to
excitation energies in 70Ga of approximately 838 keV, 1025 keV, 1380
2keV, 1424 keV, 1621 keV and 1754 keV respectively. The 1.9 mg/cm 
thickness of the target when angled at 45° to the beam, corresponds 
to the proton energy loss of about 200 keV. Therefore the mean value 
of Ep is approximately 100 keV below the abovementioned excitation 
energies. The angular distributions for the more intense y-peaks, 
from the spectra mentioned above, were obtained by integrating the 
full-energy peaks. These were then corrected for instrumental 
anisotropies and absorption in the backing and then fitted to an even 
order Legendre expansion. Experimental Legendre coefficients, after 
corrections for the finite extension of the Ge(Li) detector (Ca 69), 
are listed in table 2.6.3.
2.6.3 Decay scheme
To facilitate the placement of y-transitions in the decay 
scheme, a fairly large number of singles spectra were recorded using 
the 30 cm Ge(Li) spectrometer placed at 55° with respect to the beam 
direction. A series of spectra was taken from 240 keV to 930 keV 
excitation energy in 70Ga in 100 keV steps using a beam current of 
about 500 nA. Other than this, the same arrangement was used to collect 
spectra at proton energies of 2.1, 2.3, 2.5, 2.6, 2.7, 2.8, 2.95, 3.0,
3.1 and 3.2 MeV, which correspond to excitation energies in 70Ga of 
638, 838, 1035, 1133, 1232, 1331, 1478, 1528, 1626 and 1755 keV res-
3pectively. The 2 cm Simtec Ge(Li) spectrometer was used to study the 
low energy y-rays from the reaction. In another set of measurements, 
the 30 cm Ge(Li) detector was placed at 90° to the beam axis and 
the singles spectra were taken at 2.3, 2.49, 2.85, 2.9, 3.1 and 3.23 
MeV proton bombarding energies. The latter spectra were recorded 
keeping the beam current lower than 40 nA. The background here was
Figure 2.6.1 a. Low energy portions of y-singles spectrum from 
the 7°Zn(p,ny)7°Ga reaction taken at Ep = 3.23 
MeV and - 1720 keV. Energies of the y-rays 
and their possible placements in the ^ Ga decay 
scheme, corresponding to the respective numbers 
of the peaks marked in the fig. are given in the 
table 2.6.1.
COUNTS PER CHANNEL
Fig. 2.6.1a
Figure 2.6.1 b. High energy portions of y-singles spectrum from 
the 70Zn (p,ny)70Ga reaction taken at Ep = 3.23 
MeV and - 1720 keV. Energies of the y-rays, 
corresponding to the respective numbers given to 
the peaks in the fig. and their placements in the 
decay scheme of 70Ga, are given in table 2.6.1.
COUNTS PER CHANNEL
ro w
'*— . . o o
Fig. 2.6.1b.
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low and the system resolution better than the former cases. These 
spectra were used to extract the branching ratios. A typical spectrum 
taken with this arrangement at = 3.23 is shown in figs. 2.6.1a and 
2.6.1b and y-lines observed are listed in table 2.6.1. Table 2.6.2 
gives a summary of the branching ratios for some of the levels. The 
errors on the branching ratios given in table 2.6.2 do not include 
angular distribution effects, which may be as big as 10% in some cases.
The decay scheme based on these measurements is shown in 
fig. 2.6.2. The 318.7 keV and 487.4 keV y-lines were seen below the
threshold for population of the respective levels of origin shown in
the decay scheme and their placement is based solely on the coincidence 
measurements made by Dohan et al. (Do 70) and Arnell et al. (Ar 71). 
Possibly both of these photopeaks are of composite nature, containing 
y-rays from the (p,n) reaction and background due to some other reactions 
in the target.
The states in 70Ga which have previously been shown to be 
populated relatively strongly in the (d,t) reaction in comparison to 
the (d,p) reaction (Ar 71), have been marked with circles on the right 
extreme of the decay scheme and can be taken as hole states with
respect to the ground state of 71Ga. The states favoured by the (d,p)
reaction (Ar 71) are indicated by five edged stars and can be named as 
the particle states in 70Ga with respect to the ground state of 69Ga.
A general trend in the decay of the excited states with regard to their 
structural nature (hole or particle) can be observed from the decay 
scheme shown in fig. 2.6.2. It can be seen that the hole states (with 
circles) either decay to the ground state or only to other hole states.
The same pattern is shown in the decay of the particle states. All the 
states up to the excitation energy of 1450 keV in 70Ga can be seen to 
follow this rule strictly. The states at 1306.6 and 1446.1 keV, which 
decay to the particle as well as the hole states, are known to be 
populated with equal intensity in transfer and pick-up reactions (Ar 71). 
Another state which does not seem to follow this rule is the 1620.7 keV 
state. In addition to the ground state transition, two other transitions 
of 970.1 and 930.7 keV energy, leading to the 651.2 keV (hole) state and 
691.1 keV (particle) state respectively are shown to de-excite the 
1620.7 keV state. Possibly either the state is a close doublet or the
Figure 2.6.2 Decay scheme for levels below 1640 keV 
excitation in 70Ga. An open circle (star) 
on the right extreme of a level indicates 
the state which has been relatively strongly 
populated in the (d,t) reaction [the (d,p) 
reaction]. It can be seen that the states 
with circles (stars) show the tendency only 
to decay either to the ground state or to the 
lower states with holes (stars).
rip
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TABLE 2 . 6 . 1
L i s t o f Gamma r a y s
No. E P r e s e n t  
Y
Sawa A r n e 11 I d e n t i f i c a t i o n
1 137 .8 ± 1 .0 Ta
3 155.1 ± 1 . 0 154 .2 ± 0 .2 154 .2 ± 0 .2 1032 .8  -> 8 7 8 .6
4 166.7 ± 1 .0 Ta + 67Z n ( p ,n y )
5 176.7 ± 1 .0 175.7 ± 0 .3 70Ge ?
6 188.5 ± 1 .0 187.2 ± 0 .2 187.5 ± 0 .2 8 7 8 .6  691 .1
7 198.8 ± 1 .0 196 .8 ± 1 .0
8 203 .3 ± 1 .0 1236 1032 .8  ?
9 210 .4 ± 1 .0 67Zn ?
10 235 .7 ± 1 .0 232.7 ± 0 .5 233.7 ± 1 . 0 1260 .0  -> 1024 .2
11 240 .0 ± 1 .0
12 302 .2 ± 1 .0 Ta
13 31 9 .3 ± 0.8 318 .1 ± 0 .2 3 1 8 .6 ± 0 .6 Background +
1010.3  -> 691 .1
14 32 8 .2 ± 0 .8
15 34 4 .8 ± 0 .8 34 4 .8 ± 0 .6 3 4 4 .6 ± 1 .0 99 5 .6  65 1 .2
16 360 .1 ± 0.8 e7Zn ( p ,n y )
17 3 6 4 .4 ± 0.8 36 3 .1 ± 0 .4 3 6 4 .2 ± 1 .0 1014.7 +  65 1 .2
18 3 7 4 .2 ± 0 .5 37 4 .3 ± 0 .4 3 7 4 .8 ± 1 .0 1252.8  -* 8 7 8 .6
19 3 9 2 .8 ± 0 .6 39 2 .8 ± 0 .4 B.G.
902 .1  50 8 .2
20 3 9 3 .9 ± 0 .6 3 9 3 .9 ± 1 .0
1533 .2  •> 1140 .2
21 4 1 0 .6 ± 0 .5 4 1 0 .0 ± 0.4 41 1 .3 ± 1 .0 1101 .7  -> 69 1 .1
22 41 7 .9 ± 0.8 Shows up b e tw een  
E -  1424 § E * 1754
X  X
23 427 .5 ± 0 .5 4 2 6 .4 ± 0 .5 427 .7 ± 1 .0 1306 -> 8 7 8 .6
24 43 2 .3 ± 0.8 1456 .6  -> 1024 .2
25 440 .2 ± 0 .5 4 3 8 .0 ± 0.8 439 .4 ± 1 .0 23N a ( p , p * ) 23Na .
26 444 .9 ± 0 .5 4 4 6 .0 ± 0 .8 4 4 5 .0 ± 1 .0 1135 .9  69 1 .1
27 481 .7 ± 1 .0
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TABLE 2 .6 .1  (Cont. )
No. E P re s en t  Sawa A rn e l l  I d e n t i f i c a t i o n
Y
28 487.8 ± 0.5 487.0 ± 0.3 487.9 ± 1.0 B. G. +
995.6 -* 508.2
29 508 o 2 ± 0.2 508.1 ± 0.2 508.4 ± 0.3 508.2 -* 0
30 511.0 A n n i h i l a t i o n  Peak
31 515.8 ± 0.8 516.0 ± 0.4 516.3 ± 0.8 1024.2 -> 508.2
32 552.2 ± 0.8
554.2 ± 0.8 554.4 ± 0.5 554.6 ± 1.0 1456.4 -* 902.1
33 562.2 ± 0.8 561.0 ± 1.0 1252.8 691.1
34 572.9 ± 0.6 573.0 ± 1.0 67Ga
35 584.3 ± 0.6
608.5 ± 0.8 610.0 ± 1.0 1260 + 651.2
or  74Ge(n, n ’y ) 74Ge
36 632.4 ± 0.5 632.1 ± 0.4 632.7 ± 0.8 1140.2 -> 508.2
37 646.3 ± 0.4 645.7 ± 0.5 646.1 ± 1 .0 1337.4 -> 691.1
38 651.1 ± 0.2 651.2 ± 0.2 651.2 ± 0.2 651.2 -> 0
39 655.8 ± 0.5
40 690.9 ± 0.2 691.1 ± 0.2 691.2 ± 0.2 691.1 -> 0
41 696.0 ± 1.0 72G e (n ,n ’ e)
708.6 ± 1.0 (1359 -> 651) ?
42 755.5 ± 0.5 755.3 ± 0.6 755.3 ± 1.0 1446.1 -> 691.1
43 794.2 ± 1.0 1446.1 -> 651.2
44 798.7 ± 0.8 797.6 ± 0.7 798.8 ± 1 .0 1306.6 -> 508.2
45 803.3 ± 1.0
46 827.4 ± 0.5 827.4 ± 0.7 827.6 ± 1.0 67Zn(p,ny]1 ? +
Res idua l  A c t i v i t y
47 843 .6 ± 0.6 843.7 ± 1.0 27A1
48 851.1 ± 0.6 851.1 ± 0.7 851.3 ± 1.0 1359.4 + 508.2
49 867.2 ± 0.8 867.7 ± 0.7 866.9 ± 1 .0
50 872.2 ± 1.0
51 882.8 ± 1.0 1533.2 -> 651.2
52 884.7 ± 0.5 884.7 ± 0.7 70Z n ( p ,p 'y )
53 902.5 ± 1.0 902.1 + 0
No.
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
56 .
TABLE 2 .6 .1  (Ton t . )
E P r e s e n t  Sawa A rn e l l  I d e n t i f i c a t i o nY
905.4 ± 1.0 904.5 ± 0.8 905.0 ± 1.0 1414.0 -* 508.2
910.9 ± 1.0 910.5 ± 0.8 909.9 ± 1.0 Targe t  frame +
R es idua l  a c t i v i t y
914.6 ± 1.0 67Z n (p ,n y )57Ga ?
927.6 ± 1.0
930.4 ± 1.0 930.5 ± 0.8 930.9 ± 1 .0 1620.7 -* 691.1
944.3 ± 1.0
948.1 ± 1.0 948.5 ± 0.8 947.7 ± 1.0
961.9 ± 1.0 961.6 ± 1.0
973.1 ± 1 .0 1620.7 -> 651.2
975.2 ± 1.0
982.2 ± 1.0 982.0 ± 1.0 982.1 ± 1.0 1633.2 -> 651.2
67Z n (p ,n y )67Ga ?
991.6 ± 0.8 992.1 ± 0.8 991.2 ± 1.0 64Z n ( p , p , y ) 642:n
995.6 ± 0.8 995.9 ± 0.8 995.3 ± 1.0 995.6 + 0
1002.5 ± 1.0 1002.5 -> 0
1009.2 ± 1.0 1009.2 -> 0
1010.3 ± 1.0 1011.8 ± 0.8 1010.1 ± 1.0 1010.3 -* 0
1014.4 ± 0.6 1014.4 ± 1.0 27A1 + Ground
s t a t e  t r a n s i t i o n
1024.0 ± 0.8 1024.2 -> 0
1030.0 ± 1.0
1036.0 ± 1.0
1039.7 ± 0.5 1039.6 ± 0.4 1038.9 ± 1.0 70G e ( n , n ' y ) ,
66Z n ( p , p ’y)
1045.3 ± 0.8 1045.2 ± 0.7 1043.8 ± 1.0 B.G.
1048.0 ± 1.0 1047.2 ± 1.0 B.G.
1064.4 ± 1.0
1076.2 ± 0.5 1076.7 ± 1.0 68Z n (p ,p 'y )
1107.6 ± 0.8
1121.9 ± 0.8
1125.2 ± 0.8 1125.8 ± 0.8 1124.9 ± 1.0 1633.2 -> 508.2
No.
82
83
84
85
86
87
88
89
90
91
92
93
93a
94
95
96
97
98
99
100
101
102
103
104
105
57 .
TABLE 2 .6 .1  (Cont. )
E P r e s e n t  Sawa A rn e l l  I d e n t i f i c a t i o n
Y
1135.9 ± 0.5 1136.7 ± 0.5 1135.1 ± 0.5 1135.9 -> 0
1140.2 ± 0.5 1140.5 ± 0.5 1140.0 ± 0.5 1140.2 0
1180.7 ± 1.0
1203.6 ± 0.5 1203.5 ± 0.5 1203.1 ± 1.0 1203.4 -> 0
1222.2 ± 0.8 1223.0 ± 1.0
1230.5 ± 1.0
1236.1 ± 1.0
1244.9 ± 0.5 1244.5 ± 0.4 1244.1 ± 1 .0 1244.5 0
1273.3 ± 1.0
1275.1 ± 1.0
1306.9 ± 0.8 1306.3 ± 1.0 1306.6 -> 0
1311.7 ± 0.5 1311.2 ± 0.4 1311.8 ± 1.0 1311.6 -> 0
1337.4 ± 1 .0 1337.4 -> 0
1359.5 ± 0.5 1359.7 ± 0.7 1358.9 ± 1.0 1359.4 -> 0
1368.4 ± 0.5 1368.2 ± 1.0
1446.1 ± 0.5 1446.1 ± 0.4 1445.3 ± 1.0 1446.1 -> 0
1456.6 ± 0.8 1456.2 ± 0.7 1455.8 ± 1.0 1456.4 0
1462.1 ± 0.8 1460.1 ± 1.0
1501.2 ± 0.5 1502.0 ± 0.5 1501.4 ± 1.0 1501.5 0
1518.7 ± 0.6 1517.7 ± 0.5 1517.6 ± 1.0 1518.0 0
1533.2 ± 0.8 1533.1 ± 0.5 1532.4 ± 1.0 1533.2 0
1554.3 ± 0.8 1553.9 ± 0.7 1552.6 ± 1 .0 1554.0 -> 0
1620.5 ± 0.8 1621.0 ± 0.5 1620.6 ± 1.0 1621.0 -> 0
1629.5 ± 1.0
1633.1 ± 1 .0 1633.1 ± 1.0 1633.1 0
5 8 .
TABLE 2 , 6 .2
Branching r a t i o s  f o r  t h e  decay  o f  some o f  
t h e  l e v e l s  i n  ^ G a
E1 ev e 1 
(keV)
E
Y
( k e V )
Branching
(%)
902.1 902.5 16 ± 12
1024.2 393.9 84 ± 9
1024.2 1024.2 8 ± 4
516.0 92 ± 4
1135.9 1135.9 91 ± 2
444.9 9 ± 2
1140.2 1140.2 71 ± 2
632.4 29 ± 2
1337.4 1337.4 10 ± 3
646.3 90 ± 3
1359.4 1359.4 43 ± 3
851.2 57 ± 3
1456.4 1456.4 77 ± 4
948.4 9 ± 3
432.3 14 ± 3
1518.0 1518.0 77 ± 3
867.3 23 ± 3
1533.2 1533.2 55 ± 4
882.2 18 ± 4
393.9 27 ± 4
1554.4 1554.0 35 ± 4
1046.2 65 ± 4
1620,7 1620.7 54 ± 3
970.1 44 ± 3
930.7 2 ± 4
1633.2 1633.2 16 ± 4
1125.2 54 ± 3
982.1 30 ± 4
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placement o f  any one o f  t h e  t r a n s i t i o n s  i s  wrong* The l a r g e  d i s c r e p a n c y  
o f  3 keV in  t h e  energy s u m -d i f f e r e n c e  r e l a t i o n s h i p s  f o r  t h i s  s t a t e  a l s o  
i n d i c a t e s  t h e s e  p o s s i b i l i t i e s .  Th is  t r e n d  o f  p a r t i c l e  (ho le )  s t a t e s  to  
decay only t o  th e  ground s t a t e  or  t o  the  p a r t i c l e  (hole )  s t a t e s  can be 
un d e r s to o d  from the  fo l l o w i n g  arguments*
The nuc leus  70Ga has 3 p r o to n s  and 11 n eu t ro n s  o u t s i d e  o f  t h e  
^0Ni00 c o re .  As shown i n  f i g .  2 . 7 . 1  t h e  s i n g l e  p a r t i c l e  o r b i t a l s  o f
Zo Zo
2p 5 / 2 > i 2 * 2 p i / 2  and S9/2 a r e  exPectec  ^ t o  p l a y  a r o l e  i n  t h e  fo rm a t io n
o f  n u c l e a r  s t a t e s  i n  70Ga. These s t a t e s  in  70Ga can be o b ta in e d  e i t h e r  
by adding  a n e u t ro n  to t h e  69Ga nuc leus  th rough  th e  (d ,p )  r e a c t i o n  o r  by 
p i c k i n g  up a n eu t ron  from t h e  7 ‘Ga n u c leu s  v i a  th e  ( d , t )  r e a c t i o n .  Th is  
n e u t ro n  or  t h e  n eu t ro n  ho le  w i l l  t h e n  couple  w i th  t h e  p r o to n  i n  th e  
2P 5 / 2 o rb a t  69Ga or  71 Ga t o  g iv e  th e  r e s u l t a n t  s p in s  and p a r i t i e s  o f  
th e  f i n a l  s t a t e s  i n  70Ga. S ince  t h e  2 p a n d  I f ^ ^  n e u t ro n  o r b i t a l s  
a r e  expec ted  t o  be n e a r l y  f i l l e d  i n  bo th  b9Ga and -^Ga, t h e  n u c l e a r  
s t a t e s  i n  70Ga in v o lv in g  2P^/2  o r  ^ 5 / 2  n eu t ro n  o r b i t a l s  w i l l  show up 
more s t r o n g l y  i n  t h e  ( d , t )  r e a c t i o n  t h a n  i n  t h e  (d ,p )  r e a c t i o n  (and can 
be c a l l e d  ho le  s t a t e s ) .  This  i s  because  i t  i s  r e l a t i v e l y  e a s i e r  to  t a k e  
a p a r t i c l e  from a n e a r l y  f i l l e d  s h e l l  t h a n  to  pu t  one i n t o  i t .
I t  is  a l s o  (Uear from f i g u r e  2 . 7 .1  t h a t  t h e  n e u t ro n  o r b i t a l  o f  
V \ j 2  w i l l  be e q u a l ly  a pp roac hab le  bo th  th rough  (d ,p )  and ( d , t )  r e a c t i o n s .  
In t h e  s im p l e s t  p i c t u r e ,  t h e  un p a i re d  n e u t ro n  o f  V^/ 2  w^ en couP l ed to  
a p ro to n  o f  (as i n d i c a t e d  by th e  s p in  3 /2  ground s t a t e s  o f  bo th  69Ga and 
71 Ga) V^/ 2 * should g iv e  two l e v e l s  w i th  J 11 = 1+ and 2 4 and each o f  th e  
l e v e l s  should be p o p u la t e d ,  i n  c a s e  o f  no c o n f i g u r a t i o n  m ix ing ,  w i th  
t h e  equal  i n t e n s i t y  v i a  (d ,p )  and ( d , t )  r e a c t i o n s .  As t h e  ground s t a t e  
sp in  of  70Ga i s  known to  be 1 (Eh 62) ,  one cou ld  expec t  J 71 f o r  t h e
•4 "
508.2 keV f i r s t  e x c i t e d  s t a t e  to  be 2 , which has  been proven to  be t h e  
case  from t h e  an g u la r  d i s t r i b u t i o n  measurements.  Both s t a t e s ,  however,  
a s  marked i n  th e  decay scheme, have been shown p r e v i o u s l y  to  be p o p u la te d  
t o  some e x t e n t  more s t r o n g l y  i n  ( d , t )  t h a n  i n  (d ,p )  r e a c t i o n .  This  
i n d i c a t e s  the  p o s s i b l e  mixing o f  th e  dominant V-^/i  neLrtron c o n f i g u r a t i o n  
w i th  a f ^ 2  neut r o n  c o n f i g u r a t i o n  i n  t h e  fo rm a t io n  o f  t h e s e  s t a t e s .
This  idea i s  suppo r ted  by th e  r e c e n t  f i n d i n g  o f  Ä = 1 + 3 t r a n s f e r  i n  
(d ,p )  and ( d , t )  r e a c t i o n s  in  t h e  make-up o f  t h e s e  s t a t e s  by Dohan e t  a l .  
(Do 72) .
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On the other hand the gg^ o^r ^or higher excitations, the 
neutron orbital can only be reached through the (d,p) reaction 
(particle states)» It can, therefore, be expected that all the 
states populated more strongly through the (d,p) than the (d,t) 
reaction (i»e» particle states) will have negative parities» Now 
in the decay of a negative parity (particle) state, the neutron 
involved may simply re-orientate its total spin vector to give a new 
J with negative parity and go to the next lower negative parity orbital 
(particle state), or may drop into the empty V^ /i orbital resulting in 
the ground state. It is very unlikely that a gg^ neutron will drop 
to the Pj/2 skate and excite at the same time a P3/2 or ^5/2 neirt:ron 
to the V^ /2 orhikal leaving a Pg^ or ^5/2 neirtron hole. Similarly 
a hole state will decay either simply by the re-orientation of its 
spin vector or by dropping one neutron from the V-yj2 ort>ital to any of 
the involved f ^ 2 or the Pg/2 ort>ital (see fig. 2.7.1). This is 
the reason that a particle (hole) state is seen decaying only to the 
ground state and other particle (hole) states.
2.6.4 Results
The experimental distributions were corrected for the small 
instrumental anisotropy, fluctuations in the yield, absorption in 
the backing and the dead-time. These distributions were then fitted 
with an even order Legendre expansion. The experimental Legendre 
coefficients obtained in this manner are listed, after the correction 
for the finite size of the Ge(Li) detector, in table 2.6.3. The 
table also gives the possible spin sequences for the respective levels 
with the possible range of mixing ratios obtained from a comparison 
of experimental coefficients with the theoretical predictions of the 
compound nucleus statistical model of the Hauser and Feshbach.
Results for the individual levels are as follows:
The 508.2 keV state. The earlier studies of the (d,p) and 
(d,t) reactions have suggested a positive parity by giving a fit for 
ä = 1 + 3 for this state, (Do 70, Yn 71, Do 72).
The angular distribution of the 508.2 keV to ground state 
transition is given by W(0) = 1~(0.27 ± 0.05) P2(cos0). It enables
-0,49 < -0.36 < -0.28
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t h e  un ique  as s ignment o f  J TT f o r  t h e  l e v e l .
The 651o2 keV s t a t e . From th e  a n g u l a r  d i s t r i b u t i o n s  o f  
t h e  651.. 2 keV ground s t a t e  t r a n s i t i o n ,  i t  was not  p o s s i b l e  t o
•4-
d i f f e r e n t i a t e  between a 1 or  2 ' v a l u e  f o r  t h e  s t a t e .
The 691-1 keV l e v e l . The a n g u l a r  d i s t r i b u t i o n  measurements 
on t h e  ground s t a t e  t r a n s i t i o n s  from t h i s  l e v e l  a r e  v i t i a t e d  t o  some 
e x t e n t  by th e  p r e s e n c e  of  t h e  broad  695 keV peak from t h e  72G e (n ,n ’e) 
r e a c t i o n .  The e f f e c t  i s  more pronounced f o r  t h e  forward a n g le s  which 
t e n d  t o  make t h e  measured v a l u e  of  t h e  A^ c o e f f i c i e n t  l a r g e r  t h a n  t h e  
a c t u a l  one.  A y 2 f i t  o f  t h e  t h e o r e t i c a l  p r e d i c t i o n s  t o  t h e  exper im en ta l  
d i s t r i b u t i o n s  g iv e s  two p o s s i b l e  s p in  v a l u e s ,  J  = 1 or  2, f o r  t h e  l e v e l .  
The an g u la r  d i s t r i b u t i o n s  o f  t h e  646.3 keV (1337.4 keV -> 691.1 keV) 
t r a n s i t i o n  a r e ,  however, c o n s i s t e n t  o n ly  w i th  a 2 -» 2 s p in  sequence .
At t h e  t ime t h i s  t h e s i s  was be ing  w r i t t e n ,  th e  p a r i t y  o f  t h i s  l e v e l  
has been r e p o r t e d  t o  be n e g a t iv e  (Do 72).  As mentioned in  S ec t io n  
2 .6 .3  o f  t h i s  c h a p t e r ,  the  f a c t  t h a t  t h e  s t a t e  can o n ly  be popu la ted  
i n  the  ( d , p ) ,  and not  i n  t h e  ( d , t ) ,  r e a c t i o n ,  a l s o  s u p p o r t s  t h i s  view.
A n e g a t i v e  p a r i t y  s t a t e  a t  t h i s  low e x c i t a t i o n  energy ,
7 T  -however,  i s  q u i t e  s u r p r i s i n g .  A J  = 2  s t a t e  i s  on ly  co n c e iv a b le
e i t h e r  w i th  t h e  coup l ing  o f  a g g ^  n e u t ro n  t0  a p ro to n  e x c i t e d  to  t h e  
f 5/2 o r b i t a l ,  o r  w i th  a d ^ .^  n eu t ro n  t o  a P3/2 p r o to n .  Both o f  thes< 
ca s e s  a r e  v e r y  u n l i k e l y  a t  t h i s  low e x c i t a t i o n  energy.
The 878.6 keV l e v e l . Th is  l e v e l  i s  c o n s id e r e d  t o  d e - e x c i t e  
th rough  a s i n g l e  y- t r a n s i t i o n  o f  a 187.5 keV energy t o  th e  691.1 keV 
s t a t e  and i s  known to  be a p a r t i c l e  s t a t e  w i th  n e g a t i v e  p a r i t y  from th e  
r e s u l t s  o f  A rne l l  et  a l .  (Ar 71 ) ,  Dohan e t  a l .  (Do 70, Do 72) and 
J . L .  Yntema (Yn 71) .
The a n g u la r  d i s t r i b u t i o n s  o f  t h e  187.5 keV y - r a y  a r e  
c o n s i s t e n t  w i th  a l l  p o s s i b l e  v a l u e s  o f  J  from 1 t o  4 f o r  t h i s  l e v e l .
The mean l i f e  of  t = 3 4 + 4  ns f o r  t h i s  s t a t e  i s  c o n s i s t e n t  e i t h e r
with  an El ( (0.258 ‘ ) loA l.u .) or w i th  E2 (6.048 * ®°®VI.u.)assign-
ment f o r  the  187.5 keV t r a n s i t i o n .  An El a s s ignm en t  f o r  t h e  187.5 keV
TT —t r a n s i t i o n  w i l l  g ive  J = 1, 2 or  3 and t h a t  o f  E2 w i l l  g ive
69.
J71 =1, 2, 3 or 4 . Reported = 2 + 4 fits for the level
(Do 72) in (d,p) and (d,t) reactions, however, limits the possibilities
TT -to J = 3 and 4 only, A tentative J = (3) is put forward for the 
level .
The 902.1 keV 1eve 1» The state at 902.1 keV excitation is
known to be a positive parity state from the work of Dohan and Summers- 
Gi11 (Do 70, Do 72), and is relatively strongly populated in the (d,t) 
reaction. (Ar 71).
In the decay scheme it has been shown to de-excite mainly 
to the 508.2 keV, 2 state via a 393.9 keV y-transition and to the 
ground state through a weak branch of 902.5 keV. A y2 fit to the
4 "angular distributions gives all possible spin values from 1 to 4
TT +for the state. A tentative value of J = (3) , however, has been 
assigned.
The 995.6 keV level. This state is considered to de-excite 
through three transitions of 344.5 keV, 487.4 keV and 995.6 keV 
energy. It was not possible to obtain branching ratios for the 
transitions due to the presence of a 487.4 keV y-line below the
TT +threshold of the 995.6 keV state. A unique assignment of J = 2  for 
the state was possible from the angular distribution measurement of 
the 995.6 keV ground state transition.
The 1002.5 keV, 1010.3 keV and 1014.3 keV levels. Angular 
distributions on the ground state transitions from the 1002.5 keV and 
the 1010.3 keV states could not be extracted due to the very low 
intensity of these lines. The existence of any possible ground state 
transition from the 1014.3 keV level has been obscured by the intense 
photopeak of 'v 1014 keV y-ray from the 27A1, 56Fe(p,p’y) reactions.
As mentioned earlier, the photopeak of 318.1 keV energy is 
believed to be composed of two y-rays, one of which originates below 
the threshold of the 508.2 keV level and the other is considered to 
de-excite the level at 1010.3 keV in 70Ga. The angular distribution 
measurements, however, had to be made on the composite peak, as it 
could not be resolved into its components. These are (if we neglect
70.
the contribution due to the component originating below the 508.2 keV 
excitation in /0Ga) compatible with a spin of 1, 2 or 3 for the 
1010,3 keV state.
The angular distribution of the 363.2 keV (1014.3 keV 
651o2 keV) transition gives J = 1 or 2 for the 1014.3 keV state,
if J = 1  for 651 keV state. if on the other hand the J71 = 2f
assignment is taken for the 651 keV level, the 1014.3 keV state will
have spin value of 1, 2 or 3.
Ground state transition from the 1010.3 keV level and the 
Z = 1 fit for the 1014.3 keV level in the (d,t) reaction (Do 72),
IT *f *however, limit J to 1 or 2 for both levels.
The 1024.2 keV state. The hole nature (Ar 71) and the 
reported Z = 3 + 1 fit in the (d,t) reaction (Do 72) for this level 
suggest it to be a positive parity level. The angular distribution 
of the 516.0 keV y-ray from this state is consistent with J = 2 or 3.
The 1032.8 keV state. The absence of any transition to a 
J = 1 or 2 level from this state and the reported fit for Z = 4 
transfer in the (d,p) and (d,t) reactions suggest a J 4 assignment 
for the level.
The 1101.7 keV level. The x2 fit to the angular distribu­
tion measurements on the only transition (410,6 keV) from this level, 
allows all the spin possibilities from 1 to 4 for the level. The 
absence of any transition to a J = 1 level, however, favours the 
J  ^3 assignment for the level. The parity of the state is known to 
be negative from the (d,t) and (d,p) reaction studies (Ar 71, Do 70, 
Do 72).
The 1135.9 keV and 1140.2 keV levels. Angular distributions 
of the ground state transitions from these two levels limited the 
spin values for both of these levels to J = 1 or 2.
The 1203.4 keV level. The hole nature of the state (Ar 71) 
and the measured Z = 1 value of the transferred neutron in the (d,t) 
reaction by Dohan and Summers-Gi11 (Do 72) indicate a positive parity
71.
for the state.
Angular distribution measurements made at = 2.85 MeV 
for the ground state transition from this level are given by
W(0) - 1.0 -(0.36 ± 0.04) 
-(0.16 ± 0.04)
7Tand give a unique assignment of J =
?2 (cose) 
P4(cos0)
2+ for the level.
Two more sets of measurements were made at E 2.9 MeV
and E =3.1 MeV on the same v-line. Table 2.6.3 shows the P
consistency given by the comparison of experiment with theory in 
predicting the mixing ratios at the three energies.
The 1244.5 keV level. The angular distribution measurements 
given by W(9) = 1.0 -(0.37 ± 0.06) P2(cos0) - (0.05 ± 0.05) P4 (cos0) 
for the ground state transition of the 1244.5 keV state are consistent 
with a unique 2 -> 1 spin sequence.
Arnell et al. (Ar 71) reported a state at about 1240 keV 
excitation which was very strongly populated in the (d,p) reaction. 
Furthermore the works of Dohan and Summers-Gill (Do 72) and Yntema 
(Yn 71) predict a high spin negative parity state of about the same 
energy, but the intensity of the ground state transition from the 
1244.5 keV state indicates that it is not a high spin state.
In fact, at the time when this thesis was being written,
77 -Dohan and Summers-Gill have reported a state with J = (5, 6) at 
the excitation energy of 1234 keV.
On the other hand the 1252.8 keV and the 1260.0 keV states 
are also good candidates for such an assignment. The angular dis­
tribution could be measured only on the 374.3 keV transition, which 
is considered to de-excite the 1252.8 keV level. A unique assignment 
could not be made from these measurements.
The 1306.6 keV level. The level decays through the tran­
sitions of 427.2 keV, 798.4 keV and 1306.6 keV to the states at 878.6
72.
—  >4* 4 »keV (3) , 508.2 keV (2 ) and the ground state (1 ) respectively.
Angular distribution measurements, however, were made on the 427.2 keV 
one only. This is given by W(0) = 1.0 -(0.24 ± 0.09) P^CcosO) +
(0.07 ± 0.09) P^(cos0). A comparison of this with theory gives all 
possible values of J from 1 to 4. The ground state transition from 
this state plus the Z = 1 fit in the (d,t) reaction obtained by
'U 41 *4"Dohan and Summers-Gill (Do 72) limit the assignments of J = 1  or 2 . 
Yntema, however, very recently has reported an Z = 2 fit for the state 
through the (d,p) reaction. This is further discussed in Section 2.7.
The 1311,6 keV level. Angular distributions of the 1311.6
keV ground state transition are consistent with J = 1 or 2 for this
+ 45level. The lifetime of i = 245 _ ^  fs for "the state (see Chapter 4)
4 4 I Iis consistent with both 2 -* 1 and 1 -> 1 spin sequences. Hence,
only J = 1 or 2 possibilities are put forward for the level. Positive 
parity, of course, again comes from the work of Dohan and Summers-Gill 
(Do 72).
The 1337.4 keV level. Negative parity for the state has 
been established by Dohan and Summers-Gill (Do 72) and is supported 
by the particle nature of the state (Ar 71). A unique assignment 
of J = 2 is deduced for the level from the angular distributions of 
the 1337.4 keV and 646.3 keV y-rays, de-exciting this state.
The 1359.4 keV level. Fig. 2.6.3 shows the angular dis-
otributions and X fit of theoretical predictions to the experimental 
distributions for the 1359.4 keV and 851.2 keV gamma rays, both of 
which depopulate the level at 1359.4 keV. A unique assignment of
42 was possible for this state.
The 1414.0 keV level. This level is very weakly populated 
and de-excites through a weak 905.7 keV y-transition to the 508.2 keV 
level. The state is most likely a high spin state. Angular dis­
tributions for the 905.7 keV y-line could not be measured due to its 
low intensity.
The 1446.1 and 1456.4 keV levels. The angular distributions
Figure 2.6.3 Angular distributions and x2 plots for the 
1359.4 keV and 851.2 keV gamma rays. The 
spin parity assignment for the 1359.4 keV
7T +level is deduced to be J = 2 .
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measured f o r  th e  ground s t a t e  t r a n s i t i o n s  from b o th  o f  t h e s e  l e v e l s  a r e
77 + 4»
on ly  c o n s i s t e n t  w i th  J  = 1  o r  2 f o r  bo th  l e v e l s .
The 1501.5 keV and 1518.0 keV l e v e l s .  Here a l s o  t h e  d i s ­
t r i b u t i o n s  were measured f o r  t h e  ground s t a t e  t r a n s i t i o n s  on ly  and
Tf * 4* "t*J  = 1  or  2 deduced f o r  bo th  l e v e l s .
The 1533.2 keV l e v e l . The an g u la r  d i s t r i b u t i o n  on th e
*4* *4*1533.2 keV ground s t a t e  t r a n s i t i o n  i s  c o n s i s t e n t  w i th  a 2 or  3 a s s i g n ­
ment f o r  th e  l e v e l ,  however,  s i n c e  i t s  b ranch ing  r a t i o  i s  55%, an 
E2 t r a n s i t i o n  i s  u n l i k e l y .  An ass ignment  o f  J  = 2 i s ,  t h e r e f o r e ,  
p r e f e r r e d .  P o s i t i v e  p a r i t y  i s  e s t a b l i s h e d  by th e  work of  Dohan and 
Summers-Gil l (Do 72) .
The 1554,4 keV s t a t e . The l e v e l  i s  co n s id e r e d  t o  d e - e x c i t e  
v i a  a 1554.4 keV ground s t a t e  t r a n s i t i o n  and a 1046.2 keV t r a n s i t i o n  to  
t h e  2+ l e v e l  a t  508.2 keV. Angular  d i s t r i b u t i o n s  o f  t h e  1554.4 keV
+ 4
Y - t r a n s i t i o n  a r e  c o n s i s t e n t  w i th  a 1 or  2 ass ignment f o r  t h e  l e v e l ,  
whereas t h e  1046.2 keV l i n e  d i s t r i b u t i o n s  a r e  com pa t ib le  w i th  t h e  s p in
*4* 4  +  4  7T +
sequence o f  2 ->2 or  3 ->2  on ly .  A J  = 2  as s ignm en t ,  t h e r e f o r e ,
i s  sugges ted  f o r  t h e  l e v e l .  P o s i t i v e  p a r i t y  f o r  t h e  s t a t e  ag a in  comes 
from t h e  work o f  Dohan and Summers-Gil l .
The 1620.7 keV l e v e l . Angular  d i s t r i b u t i o n s  could  be 
measured o n ly  f o r  t h e  ground s t a t e  t r a n s i t i o n  from t h i s  l e v e l  and 
were found to  be c o n s i s t e n t  w i th  J  = 1 o r  2, The p a r i t y  o f  t h e  
s t a t e  has been e s t a b l i s h e d  t o  be n e g a t i v e  by o t h e r s  (Do 72, Yn 72).
The 1633.2 keV l e v e l . Angular  d i s t r i b u t i o n s  were made 
f o r  th e  1125.2 keV and 982.1 kev y - r a y s ,  bo th  o f  which a r e  shown 
in  f i g .  2 . 6 . 2  to  d e p o p u l a t e  t h e  s t a t e  a t  1633.2 keV e x c i t a t i o n  
energy.  y 2 p l o t s  ftfr t h e s e  d i s t r i b u t i o n s  d i d  n o t  r e j e c t  any o f  t h e
4  4‘ 4
1 , 2 and 3 a s s ignm en ts  f o r  th e  l e v e l .
2.7 DISCUSSION
The study has given a better picture of the low-lying levels 
and their decay structure in the doubly-odd nuclides of 62Cu, 66Ga 
and 70Ga.
2.7.1 62Cu:
In 52Cu, the eleven y-transitions obtained from the study of 
62Zn radioactive decay (An 67, Ho 69) are now supplemented by an 
additional nineteen transitions from the (p,ny) reaction. The decay 
scheme given in fig. 2.3.2. shows the locations of the levels and the 
branches of the respective gamma transitions de-exciting them. The 
spin assignments captioned on the left hand side of the decay scheme 
in fig. 2.3.2 are from the present work, together with those determined 
by other experimenters (An 67, Ba 68, Da 70a, Su 69).
All the levels up to and including the 637.2 keV level are
7Tnow well established. Their J assignments are known uniquely and 
their gamma-ray decay better established.
The fact that the 243.4 keV y-ray appeared in a y-spectrum 
taken at = 5.10 MeV argues strongly against the proposed identifica­
tion of this transition, between a 678.4 keV state and a 435.0 keV 
state, by Verheul (Ve 67). The existence of a 682 keV state postulated 
by Bakhru, mainly on the basis of observed coincidences between 394 keV 
and 243 keV y-rays, is also doubtful (Ba 68). The present study does 
not provide any evidence for the presence of a level at this energy. 
Furthermore, the existence of a 243.4 keV level in its own right removes 
the need for proposing a level at 682 keV. The identification of the 
393.8 keV y-ray as a 637.2 keV -* 243.43 keV transition explains the 
coincidences between 394 keV and 243 keV y-rays observed by Bakhru.
The assignment of 3+ for the 389.9 keV state comes from the 
recent study of 60Ni(a,pny)62Cu by Sunyar et al. (Su 69). Their 
measurements have shown this isomeric state of T^^ = ns to
de-excite through two Ml y-transitions of 146 keV and 350 keV energy.
The present study agrees with their conclusion regarding the y-decay 
of this state.
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•j* 'j'The distinction between a 2 or 3 assignment for the 698.3 
keV state could not be made in the present study. This state possesses 
some importance inasmuch as it is strongly populated in (d,t) and 
(°He,dJ reactions (Hj 67, Mo 66). A very recent study of 62Cu via the 
67Zn(d,a) reaction has been reported by Bachner et al. (Ba 72) as this 
manuscript was being written. In this work also, the measurements
’’t* "f*did not differentiate between a 2 or 3 assignment for the 698.3 keV 
state.
An interesting result of Bachner et al. (Ba 72) is an assign- 
ment of 1 for the 675.1 keV level. This is in contradiction to the 
3+ assignment (fig. 2.3.3) derived from the present study. The presence 
of a possible close doublet with 1 and 3 assignments is not supported 
by another very recent work on the radioactive decay of 62Zn by Giesler 
and Kosanke (Gi 72). In this work they used large Ge(Li) detectors with 
relative efficiencies as high as 10.4%. Above 650 keV excitation in 
&2Cu they have seen six y-transitions which have not been previously 
reported in ß-decay studies. The highest level in 62Cu populated 
through ß-decay reported by them is the 1429.9 keV state. The absence 
of any ß-feed to the 675.1 keV state makes the presence of a 1+ level 
at this energy doubtful.
The second contradictory result of Bachner et al. (Ba 72)
TT +concerns the 915.5 keV state. They give a J assignment of 3 rather 
than 2+ suggested in this work. A 2.0 x 10 branch of ß-feed to 
this level with the log ft value of 7.5, observed by Giesler and 
Kosanke (Gi 72) supports the 2+ assignment for the level. It is 
possible that there is a close doublet with the assignments of 2 and 
3 at 915 keV energy of excitation in 62Cu.
The y-ray angular distribution measurements in the present 
reaction did not permit the determination of the parity of the levels. 
However, the parities of previously established levels are known to 
be positive, either from radioactive source work (An 67, Ho 69) or 
from reaction studies (Hj 67, Mo 66). The new levels at 644.9 keV,
727.5 keV and 756.3 keV, observed in this work for the first time, are 
also considered to have positive parity.
Positive parities are in accord with shell-model considerations
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in this mass region. Orbitals of 2p^2> ^ 5/2 anc^  ^1/2 are exPectec  ^
to play a part in the composition of proton and neutron configurations 
for the low-lying levels considered here. Excitation of g g ^  neutron 
orbital is very unlikely at these energies. This fact is evident from 
the big gap of about 1.84 MeV in the excitation energies of g g ^  anc*
V y /2 levels in the 63Cu nucleus (ND 67).
The low-lying states in 62Cu are expected to be made up by 
coupling a 2p^^ proton to a neutron configuration derived from angular 
momenta similar to those appearing near the ground state in the 
adjacent odd-mass nuclei, such as the isotone 61Ni. The theoretical 
work of Auerbach (Au 67), indicates that for the three lowest levels 
in 61Ni there exists a sizable degree of configuration mixing, and hence 
the wave functions describing the neutron configurations are very com­
plicated. Phillips and Jackson (Ph 68) have carried out calculations 
on the level spectrum in 62Cu using the procedure similar to that used 
by Auerbach (Au 67) on the nickel isotopes. However their level 
spectrum agrees only in part with the experimental spectrum shown in 
fig. 2.3.2. They are unable to predict the 40 keV level (2+), the 
doublet of 3 + levels at 389.9 keV and 426.1 keV, and the doublet of 
1 levels at 548.2 keV and 637.2 keV. In these calculations 
Phillips and Jackson (Ph 68) ignored possible configurations of 
seniority 4 and 6. The inclusion of these high seniority components 
would tend to increase the density of the calculated levels and hence 
it is possible that better agreement between the calculated and 
experimental level spectra could be attained.
The j = 1/2 assignment from the ground state transition of
the 64Zn(3He,a)63Zn reaction (Be 67) indicates that the neutron
orbital can be expected to play a dominant role in the formation of
62the ground state in the 29*"u33 nuc-^eus* On the other hand the ground
state J = 3/2 for the 2 8 ^ 3 3  * 30^n33 (number neutrons same as in
6 2 6 1  63 62
Cu), 2g0U32 anc* 29^U34 n^um^er °f Photons same as in Cu) nuclei
suggests that the part of the tt(2p^y2  ^ anc* v^P3/2^ c°nfigurations 
cannot be ruled out. The ground state theoretical wave function, 
however, has been shown to be exceedingly complex, with no dominant 
configuration (Ph 68). Bachner et al. (Ba 72) have suggested an
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admixture of roughly 25% t t ^3: v ( 2p ^ 2 ) with dominant configuration 
of t tC2p^^2^ : v ( 2 p ^ 2 ^  t0 explain their data from the (d,oQ reaction.
For the 40.8 keV state, having regard to the = 1 and = 1 
assignments and following Brennen and Bernstein's (Br 60) selection 
rules for tt (j ); v(j) configurations, the configurations are not expected 
to be pure t tC2p^^^: v(2p^2) nor 7TC2p1/2): ^(2P1/2^° Indeed the strong 
spectroscopic factor in the (3He,d) reaction (ND 67) suggests the con­
figuration of 7T(2p^2): v(2Pjy2) possibly with configuration mixing.
The decision on different configurations in doubly-odd 
nuclei can also be aided by the comparison of the experimentally 
determined g-factor with predictions from the single particle model. 
According to this model, the g-factor of a state is given by (El 57)
i + V  + 2 - V J (JTT TT + 1) - J (J +V  V 1) 2.7.1J(J + 1)
Here, g^ (g ) is the g-factor, J^(J^) the total angular momentum of 
the odd proton (neutron) and J the total angular momentum of the 
state.
The extreme single particle model, however, gives only a
rough approximation to the g-factor, because it completely neglects
the residual interactions. If the experimental g-factors of states
with the corresponding spin and parity in the neighbouring odd mass
nuclides are used for g^ and g in equation (2.7.1), the residual
interactions would be taken into account approximately, and thus
much better agreement is expected to be attained between the g-factors
g and g-factors g calculated in this way.&exp & &emp
Sunyar et al. (Su 69) also measured the g-factor for the 
isomer state (T^2 = H°5 nsec) at 389.9 keV. Their value of 
g = 0.63 is in excellent agreement with the empirical g-factor = 0.634 
obtained by assuming that a proton of 2 p ^ 2 (y^ = 2.14 61Cu; 3/2) is 
coupled here with a neutron in the f ^ 2 orbital (y^ = 0.7690; 65Zn; 
5/2). On the other hand, if the neutron configurations are assumed 
to be similar to those occurring in 6iNi (y = -0.746; 61Ni; 3/2) 
coupled to the proton of 2 p ^ 2 (similar to that in 61Cu)the gemp comes
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The isomerism
out to be - 0.47. The comparison strongly indicates a dominant con-
4figuration of tt( ^ 3: v(2p^^) (lf^.^) for the state,
of the level supports a situation where the neutron effects an £-forbidden 
transition from the If -> 2p orbital.
The 426.1 keV level was strongly populated in (p,n), (3He,d)
and (d,t) reactions (Hj 67, Mo 66) This points to an interpretation 
2 _  .-1of the level as being dominantly a v(lf^^)^ (2p^2)
configuration which couples up to a spin of 3+. The view is supported 
by the work of Bachner et al. (Ba 72) with the (d,a) reaction.
2.7.2 66Ga
The present study of the 56Zn(p,ny)66Ga reaction has con­
siderably increased our knowledge of the properties of the low-lying 
levels in 66Ga, i.e. their y-ray decay modes and their Spin-parity 
assignments. As expected from shell model considerations, the levels 
reported here for the first time either have J = 2 or 3 assignments, 
although it was not possible to deduce any unique J = 3 values. The 
levels at 393.1 keV, 424.3 keV, 516.3 keV, 552.8 keV, 598.9 keV, 617.1 
keV and 720.8 keV are strong candidates for J = 3 assignments since
«j*they decay only to 2 levels. In particular, the low value of 6 
obtained from the angular distribution of the 353.7 keV y-ray tends to 
favour a J = 3 value for the level at 516.3 keV. According to the 
predictions of the compound nucleus code MANDY (Sh 66, Sh 69) a spin 
3 state would receive only one fifth of the cross section associated 
with J = 1 or 2 states.
Very recently, Heubes et al. (He 72) have measured the g-factor
(g = -0.504) for the 1st excited isomeric (T 
43.4 keV excitation in 66Ga.
1/2 21 nsec) state at
Comparison of this measurement with 
gs p, the g-factor predicted by the single particle model, or ge , 
extracted from the configurations of the neighbouring odd-proton 
and odd-neutron nuclei, allows a clear decision on the configurations 
of this state. This configuration of [ t tCp ^ / 2^ v ^ 5 / 2 ^  1 +
also the most likely one within the shell model.
So far there have not been any theoretical calculations
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on the properties of the nucleus 65Ga with which the present experi­
mental results can be compared. However it may be possible that 
shell model codes, which are presently under development at other 
laboratories, will be able to handle the complexities involved and 
the present results should be of some value in determining their 
applicability.
2.7.3 70Ga
The present study has revealed almost all of the levels, up 
to an excitation of 1633.2 keV in 70Ga, seen in the particle transfer, 
pick-up and neutron capture reactions. The results here are in agree­
ment with the findings of the earlier workers (Ar 71, Ve 71) regarding 
a surprisingly large energy gap of more than 500 keV between the ground 
state and the first excited state in this doubly odd nucleus. In 
72Ga (Li 69) and 56Ga (see Section 2.5) the same energy interval holds 
about 13 levels in each case. No evidence of a level at 188 keV energy 
could be found in the present work.
In the very recent study of the 70Ga nucleus, reported by 
Dohan and Summers-Gill (Do 72) at the time when this thesis was being 
written, the 345 keV y-ray has been identified as a
1360 keV 1015 keV 651 keV cascade member. The assignment is 
based on the observed coincidence between 651 keV and 345 keV y-rays.
In the present work, the 345 keV y-ray, was, however, observed at
Ep = 2.5 MeV, which corresponds approximately to the 1030 keV excitation
energy in 70Ga. The 345 y-ray, therefore, was identified as a
995.6 keV -> 651.2 keV transition. Similarly the 427.2 keV y-ray 
(seen at = 2.95 § E^ - 1478) has been placed here between the
1306.6 keV and the 878.6 keV levels against the proposed placement
of 1661 keV -* 1234 keV or 1734 keV -> 1306 keV by Dohan and Summers-Gill.
A very interesting and surprising result in the study of 
Dohan and Summers-Gill is the negative parity assignment for the 
691.1 keV, J = 2 state. The negative parity, as mentioned earlier, 
is also supported by the particle nature of the state. In the simplest 
shell model picture, however, a negative parity state with J = 2 
is hardly conceivable at this low excitation energy. Fig. 2.7.1 shows
Figure 2o7„l Shell model configurations of protons and 
neutrons which are expected to play a part 
in the formation of states in 70Ga.
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the single particle orbitals which can be expected to play a role in the
formation of the low-lying states in 70Ga. The possible neutron con­
figurations can be seen on the righthand side of the figure. The 
spectrum of 69Ga, (with the same number of protons as 70Ga) is given
below on the left hand side of the figure. From the ground state
J71 = 3/2 in 59Ga it can be concluded that the states in 70Ga will be
formed by coupling a p ^ 2 P1,0^ 011 hole to the neutron in any one of the 
possible arrangements shown on the right hand side of the figure. 
Underneath each possibility, the range of J is given for the respective 
state in 70Ga, which could result from the coupling of that arrangement 
to a P3/2 Proton hole. Lower-lying negative parity states will involve 
the excitation of g ^ 2 neu‘tron orbital; which means that the total 
angular momentum for these states, as shown in fig. 2.7.1, can be 
expected to be restricted to 3 <_ J <_ 6. For a negative parity state 
with J = 2 either the neutron orbitals of gy^ or ^5/2 or Proton 
orbital of f ^ 2 will have to be involved. Both the possibilities are, 
however, very unlikely at this excitation energy as the former states 
are expected to be 600 to 700 keV, and the latter 300 to 500 keV 
higher in excitation energy with respect to the states involving 
Tr(2p3y2)  ^ v(gg/configurations. The £ = 2 + 4 fit, both in the 
(d,p) and the (d,t) reactions, for the 878.6 keV state in the work of 
Dohan and Summers-Gill (Do 72) points towards another possible 
explanation for a J = 2  state at this excitation energy. It is 
just possible that the d ^ 2 orbital is lower than the gg^2 OI>bital in 
this case, but this means a very high degree of deformation of the 
nucleus. Furthermore the £ = 2 + 4 fit for the 878.6 keV state has 
not been supported by another very recent work (Yn 72), the preprint of 
which became available at the time when this thesis was being written.
In this work Yntema gives a £ = 4 value for the 878.6 keV state. Still 
another possibility is that the 691.1 keV state is a high-seniority 
state. It may be worthwhile to investigate further the parity 
aspect of the 691.1 keV level.
As expected from the arguments given in Section 2.6.3, all 
the other particle states have been proven to have negative parity. 
The state at 1306.6 keV energy, however, was known to be populated 
with equal intensity in the (d,p) and the (d,t) reactions (Ar 71),
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and has been shown in the decay scheme (fig. 2.6.2) to decay to the 
878.6 keV (particle) level, the 508.2 keV (hole) level and the ground 
state. Dohan (Do 72) has given a Z = 1 fit (positive parity) through 
the (d,t) reaction and Yntema, on the other hand, gives an & = 2 
(negative parity) through the (d,p) reaction for this state. These 
results strongly suggest the possibility of a close doublet at 1306.6 
keV energy. The state at 1244.5 keV excitation energy has been 
wrongly marked as a particle state, based on a reported state of 
^ 1240 keV energy populated strongly through the (d,p) reaction in the 
work of Arnel et al. (Ar 71). This particle state, in fact, has been 
located to be at 1234 keV energy by Dohan and Summers-Gill.
8 2 .
CHAPTER 3
GAMMA-RAY ANGULAR DISTRIBUTION 
MEASUREMENTS FOR LOW-LYING STATES 
IN 45T i .
3 .1  INTRODUCTION
The l e v e l  scheme o f  Lf5Ti i s  now r e a s o n a b ly  w ell  e s t a b l i s h e d  
e x p e r im e n ta l ly .  Decay schemes f o r  t h e  low est e ig h t  l e v e l s  have been 
de term ined  r e c e n t l y ,  m ain ly  th ro u g h  i n v e s t i g a t i o n s  o f  th e  45S c ( p ,n y ) 45Ti 
r e a c t i o n  by Iyengar e t  a l .  ( Iy  70) and by J e t t  e t  a l .  (Je  68 ).  Mean 
l i v e s  have been measured f o r  th e  f i r s t  two e x c i te d  s t a t e s  (Ly 70, B1 69) 
o n ly  and s p in  p a r i t y  ass ignm en ts  have been in f e r r e d  f o r  th e  f i r s t  fo u r  
e x c i te d  s t a t e s  from l i f e t i m e  r e s u l t s  (Je  68, Ly 70, B1 69) and from 
n e u t ro n  an g u la r  d i s t r i b u t i o n s  ( Iy  7 0 ) .  Iyengar e t  a l . have a l s o  
measured th e  an g u la r  d i s t r i b u t i o n s  o f  t h e  293 and 414 keV y - r a y s  from 
th e  330 keV and 744 keV l e v e l s ,  r e s p e c t i v e l y  and found them to  be 
i s o t r o p i c .  S ince  th e  t a r g e t  n u c le u s  45Sc has  a ground s t a t e  s p in  o f  
7 /2  one would n o t  expec t a l ignm en t o f  th e  45Ti n u c le u s ,  produced  v i a  
th e  (p ,n )  r e a c t i o n  n e a r  t h r e s h o ld  bombarding ene rgy ,  f o r  th e  s t a t e s  w ith  
J  £  7 /2 .  Hence y - ra y  a n g u la r  d i s t r i b u t i o n s  can  be n o t i c e a b l y  
a n i s o t r o p ic  on ly  i f  J  i s  > 7 /2 .  The a l ignm en t o f  th e  s t a t e s  and th e  
c o n d i t io n s  o f  th e  a n i s o t r o p y  f o r  th e  y - d i s t r i b u t i o n s  have a l r e a d y  been 
d i s c u s s e d  in  S e c t io n s  2 .2 .1  and 2 .2 .2  o f  C hap ter  2.
T h e o r e t i c a l l y  abou t s ix  n e g a t iv e  p a r i t y  s t a t e s  a r e  p r e d i c t e d  
in  45Ti below 1.55 MeV e x c i t a t i o n  energy  (Me 64, Ma 66, Jo  6 9 ) .  In
TT — —p a r t i c u l a r ,  l e v e l s  w ith  J  o f  9/2  and 11/2 a r e  p r e d ic te d  a t  
e x c i t a t i o n  e n e rg ie s  o f  ab o u t 1 .0  to  1 .5  MeV. Of th e  8 e x c i te d  s t a t e s  
d e f i n i t e l y  known (Iy  70) to  e x i s t  below about 1.55 MeV, on ly  two have 
d e f i n i t e l y  known s p in  v a lu e s .  The 330 keV l e v e l  has a 3 /2 + ass ignm ent 
(Lu 68 ) ,  and 744 keV l e v e l  a s p in  o f  5 /2 .
The p r e s e n t  s tu d y  was u n d e r ta k e n  from t h r e e  p o in t s  o f  v iew: 
to  measure th e  l i f e t i m e s  o f  some o f  th e  l e v e l s  above th e  40 keV second
83.
excited state; to resolve some discrepancies in branching ratios 
reported in refs. (Iy 70, Je 68) and to measure angular distributions 
of y-rays de-exciting the states at 1226, 1353, 1468 and 1521 keV, 
two of which could be the predicted (Me 64, Ma 66, Jo 69) 9/2 and 
11/2 levels. The chapter, however, deals only with the last two 
aspects of the study; the lifetime measurements in 45Ti along with 
some other nuclei have been detailed in Chapter 4 of this thesis.
A similar study by Iyengar and Robertson (Iy 71) has
TTrecently come to our attention. They find J of the 1354 keV and 1468 
KeV levels to be 9/2~ and 11/2 respectively. The excited levels 
and their decay structure in 45Ti up to 1521 keV excitation energy 
have been shown in fig. 3.1.
3.2 EXPERIMENTAL PROCEDURE
Experimental techniques and the analytical methods used 
for the study of l+5Ti closely follow those used for the study of 
52Cu, 56Ga and 70Ga described in Chapter 2. The levels under study 
were selectively populated via the 45Sc(p,ny)45Ti reaction 
(Q = -2.846 MeV) by the systematic increase of the proton beam energy. 
The A.N.U. tandem accelerator was used to provide the proton beam.
The 45Sc metal targets were mounted at 45° to the beam axis in a 
10 cm diameter cylindrical perspex chamber. The targets were about
1.5 mg cm thick. They were produced by depositing Sc metal in 
vacuo on to 0.025 cm thick tungsten backings. This thickness of 
45Sc, which corresponds to ^ 85 keV energy loss for 4-5 MeV protons, 
was considered to give a sufficient statistical averaging over the
3compound nucleus states. A 36 cm Ge(Li) counter, movable between 
0° and 90° to the beam direction, was used to detect the y-rays.
3A second Ge(Li) counter of 30 cm active volume, which was permanently 
at the opposite 90° position, acted as a monitor. Instrumental 
anisotropies of the arrangement were determined by placing a point e0Co 
radioactive source at the position of the beam on the target.
The proton beam energy was chosen to be about 50 keV above 
the threshold for most of the levels studied. Beam currents were
Figure 3.1 Decay scheme for the low lying levels in 
45Ti. The J71 assignments for the 40, 
1353 and 1468 keV levels are from the 
present work, as are the branching ratios 
for all of the levels.
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typically 25 to 30 na. Several sets of y-ray spectra were collected 
for each level, at detection angles of 0°, 30°, 45°, 60° and 90° to 
the beam direction. A random ordering of angles was used to minimize 
systematic errors. The angular distributions were extracted from the 
full energy peak yields and, after corrections for absorption of the 
y-rays in the tungsten backing and for instrumental anisotropies, were 
fitted by the method of least squares to an even order Legendre polynomial 
expansion. The experimental distributions were compared with theoretical 
expressions for the angular distributions of y-rays following a (p,n) 
reaction based on the compound nucleus statistical model described by 
Sheldon and Van Patter (Sh 66) and more recently by Sheldon and Strang 
(Sh 69). These theoretical distributions were calculated for a range 
of spin and parity sequences and radiative mixing ratios with the 
computer code MANDY (Sh 66). Transmission coefficients required for 
the penetrability term in the expression for the differential cross 
section in MANDY were calculated from the proton, neutron and a-particle 
optical-model parameters of Perey (Pe 63), Wilmore and Hodgson (Wi 64) 
and Bock et al. (Bo 67) respectively.
3.3. RESULTS
A summary of the Legendre coefficients obtained from a least- 
squares fitting to the experimental y-ray angular distributions is 
given in table 3.1 and some typical distributions are shown in fig. 3.2, 
3.3 and 3.4. These results are discussed below in terms of the 
individual levels. Experimental findings in the present study are in 
excellent agreement with those of Iyengar and Robertson (Iy 71).
3.3.1 The 330 keV level
This level is known (Lu 68, Ka 64) to have a J71 of 3/2+ 
and to decay entirely to the 37 keV level (Iy 70, Je 68), for which 
lifetime and conversion measurements favour a 3/2 assignment (Je 68, 
Ly 70). The measured angular distribution for the 293 keV y-ray was 
found to be isotropic, in agreement with the observation of Iyengar 
et al. (Iy 70).
TABLE 3.1
Values of  Legendre c o e f f i c i e n t s  from a 
l e a s t - s q u a r e s  f i t t i n g  to  th e  exper im en ta l  
y - r a y  an g u la r  d i s t r i b u t i o n s .
E T r a n s i t i o n
(keV)
482 1226 -> 744 0.01 ± 0 .02
896 1226 - y 330 - 0.03 ± 0 .04
1313 1353 - y 40 + 0 .1 0 ± 0 .02
1353 1353 - y 0 - 0 .16 ± 0 .02
1468 1468 - y 0 0 .2 6 ± 0.01
1484 1521 - y 40/37 0.03 ± 0 .0 9
3 . 3 . 2 The 744 keV l e v e l
The 744 keV l e v e l  decays v i a  414 keV and 707 keV y - r a y s  
to  t h e  330 keV and 37 keV l e v e l s  r e s p e c t i v e l y  ( Iy  70,  J e  68).  The 
p r e s e n t  d a t a  g iv e  a b ranch ing  r a t i o  o f  90 ± 1% t o  t h e  330 keV l e v e l  
and 10 ± 1% to  the  37 keV l e v e l ,  i n  good agreement w i th  t h e  v a l u e s  
94 ± 2% and 6 ± 2% quoted i n  r e f .  Cty 70) and 85 ± 5% and 15 ± 5% 
g iven  i n  r e f .  (Je 68) .  The p r e v io u s  observed  ( Iy  70) i s o t r o p y  o f  th e  
angu la r  d i s t r i b u t i o n  o f  t h e  414 keV y - r a y  was conf irmed by t h e  p r e s e n t  
work. The an g u la r  d i s t r i b u t i o n  o f  t h e  707 keV y - r a y ,  co r re s p o n d in g  to  
t h e  744 -+ 37 keV t r a n s i t i o n ,  a l s o  was found t o  be i s o t r o p i c .  For t h e  
subsequen t  a ngu la r  d i s t r i b u t i o n  measurements on t h e  h ig h e r  l e v e l s ,  t h e  
moni to r  Ge(Li)  d e t e c t o r  was d i spensed  w i th  and t h e  414 keV y - r a y  was 
used f o r  n o rm a l iz in g  t h e  y i e l d s  a t  d i f f e r e n t  an g le s .
3 . 3 . 3  The 1226 keV l e v e l
This l e v e l  has been p r e v i o u s l y  observed  ( Iy  70,  J e  68) t o  decay 
main ly  to  th e  744 keV and 330 keV l e v e l s  and o n ly  weakly to  t h e  40 keV 
l e v e l  and to  t h e  ground s t a t e .  The p r e s e n t  d a t a  y i e l d  t h e  fo l l o w in g  
i n t e n s i t i e s  f o r  t h e  t r a n s i t i o n s  from t h i s  l e v e l :  1226 -+ 0 keV,
5 ± 1%; 1226 -+ 40 keV, 5 ± 1%; 1226 -+ 330 keV, 53 ± 2%; and
1226 -> 744 keV, 37 ± 2% which d i s a g r e e  w i th  t h e  v a l u e s  o f  14 ± 5%,
23 ± 5%, 32 ± 5% and 31 ± 5% g iven  by J e t t  e t  a l .  (Je 68) and 4 ± 2%,
6 ± 2%, 37 ± 2%, 53 ± 2% quoted by Iyengar  e t  a l . ( Iy  70) .
Angular  d i s t r i b u t i o n s  were measured f o r  t h e  s t r o n g  896 keV 
and 483 keV t r a n s i t i o n s  to  t h e  330 keV ( 3 /2 +) and 744 keV l e v e l s ,  r e s ­
p e c t i v e l y .  Both a n g u la r  d i s t r i b u t i o n s  were found to  be c o n s i s t e n t  
w i th  i s o t r o p y ,  t h e  former be ing  g iven  by W(6) = 1 .0  - ( 0 . 0 3  ± 0.04) P2(cos0) 
and th e  l a t t e r  by W(0) = 1 .0  +(0.005 ± 0.021) P 2(cos0) .
3 . 3 . 4 .  The 1353 keV l e v e l
As can be seen from f i g .  3 .1  and f i g .  4 . 5 . 1 ,  t h i s  l e v e l  
decays p redom inan t ly  t o  t h e  ground s t a t e  and weakly,  v i a  a 1313 keV 
t r a n s i t i o n *  to  t h e  40 keV l e v e l .  Measurements on t h i s  l e v e l  were 
somewhat com pl ica ted  due t o  a con taminan t  1368 keV y - r a y  (presumably
Figure 3.2 Angular distribution results for the 1353 
keV y-ray. The curve drawn through the data 
points corresponds to the Legendre Polynomial 
fit quoted in the text. The hatched line in 
the x2 versus arctg 6 plots denotes the 0.1% 
confidence level. The x2 plots for the MANDY 
predictions for both positive and negative 
parity are shown.
4-5
1353
arctg 6
Fig• 3.2
87.
from 27A1 via the 27A1(p,ay)24Mg reaction) which tended to overlap the 
1353 keV y-ray at backward angles. However, the lineshape and 
angular distribution of this contaminant were determined by measurements 
obtained just below threshold for excitation of the 1353 keV level.
After accounting for the contaminant line, the present data give a 
branching ratio of 91 ± 1% to the ground state and 9 ± 1% to the 40 
keV level, in close agreement with the Iyengar et al. (Iy 70) values 
of 94 ± 5% and 6 ± 5%.
Angular distribution measurements made for both of these 
transitions showed anisotropic patterns. The experimental distribu­
tions for the 1353 keV ground state transition is shown in fig. 3.2 
and is given by W(0) = 1.0 -(0.16 ± 0.02)?^(cos0). This distribution 
can be fitted at the 0.1% confidence level with the MANDY (Sh 66) 
theoretical distributions for 11/2 -* 7/2 and for 9/2+ -> 7/2 , with
the mixing ratios given in table. 3.2. However, the lifetime of the
«I* _level (see Chapter 4) rules out the 9/2 and 11/2 assignments. A
9/2+ assignment even with the smaller value of 5, 0.19 <_ 6(M2/E1) <_ 0.25,
+ 143implies an M2 enhancement of 209 ^  W.u., whereas a recent survey of
M2 transitions in this mass region, by Kurath and Lawson (Ku 67), shows
+ M 2 / E1that with the possible exception of a 993 keV (3/2 ) — - --► 374 keV
(5/2 ) transition* in 43Ca all known M2 transitions are strongly
inhibited, often by several orders of magnitude. The 11/2 assignment
8would imply an M3 enhancement of ^ 10 W.u., which is extremely unlikely.
A 9/2 assignment with 0.47 <_ 6(E2/M1) <_ 0.89 on the other hand, gives 
an E2 strength in the range of 29 to 152 W.u., which for the lower limit 
is consistent with known E2 enhancements. Thus it is concluded that 
the 1353 keV level has a spin of 9/2 and negative parity.
The experimental distribution for the 1313 keV transitions 
to the 40 keV level, measured at 4.45 MeV mean proton energy is shown
* The 3/2+ -> 5/2 transition from the 993 keV level to the
374 keV level in 43Ca is consistent with a M2/E1 mixture with 
6 = 0.3. The transition probability for the M2 branch is 14 
times the single particle estimate. There is no apparent 
mechanism to explain the observed enhancement factor of more 
than 10 over the single particle estimate (Ku 67).
Outside the confidence limit.
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3.2
Spin sequence which give fits, within the 0.1% confidence limit, of the 
experimental distributions with the predictions of CN statistical model. 
The mixing ratios follow the sign convention of Rose and Brink (Ro 67).
Figure 3.3 The angular distribution results for the 1313 
keV y-ray. The curve drawn through the data 
points corresponds to the Legendre polynomial 
fit quoted in the text. The horizontal line 
in the x2 plot denotes the 0.1% confidence
level.
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in fig. 3.3 and is given by W(0) = 1.0 +(0.10 ± 0.02) P2(cos0). This 
distribution was analysed assuming a J of 9/2 for the 1353 keV level 
and a spin of 5/2, 7/2 or 9/2 for the 40 keV level since from lifetime 
measurements the decay of the 40 keV level was previously shown (Ly 70, 
B1 69), to be consistent with an Ml character. All three possibilities 
gave a fit at the 0.1% confidence level. However, for the 9/2 -+ 5/2
possibility, the mixing ratios of the 1313 keV transition gives an 
M3 enhancement of ^ 10^ W.u. Both the 7/2 and 9/2 assignments for 
the 40 keV level give reasonable E2 and Ml strengths for the 1313 keV 
transitions, the former implying an E2 strength of 4.9 +_ g W.u. or
10 +_ g W.u. and an Ml strength of (5.5 + ^ ‘ )^ x 10  ^ W.u. and the latter
an E2 strength of 0.8 + 5’o W.u. and an Ml strength of (8 ± 4) x 10 ^- 0. o
W.u.
Thus the present data favour a J71 of 7/2 or 9/2 for the 
40 keV level, which does not appear to be the 5/2 member of 3/2 ,
5/2 , 7/2 ground state triplet predicted by Malik and Scholz (Ma 66). 
This assignment is in agreement with the neutron angular distribution 
data of Iyengar et al. (Iy 70). It should be pointed out, however, 
that the 6(M3/E2) solution for the 1313 keV y-ray is within 2 standard 
deviations of the value zero, which is a physically realizable solution. 
Thus the J = 5/2 assignment for the 40 keV level, although being dis­
favoured, is not rejected completely.
3.3.5 The 1468 keV level
This level was observed by Iyengar et al. (Iy 70) to decay 
to the ground state only. There is no evidence in the present data 
for branching to the other levels. The angular distribution of the 
1468 keV y-ray is shown in fig. 3.4 and is given by W(0) = 1.0 +
(0.26 ± 0.01) P2(cos0). This distribution can be fitted at the 0.1% 
confidence level only with the theoretical distributions for 
11/2+ -+ 7/2" with -0.13 < 6 < 0.06 and -14.3 £  6 £  -4.6, and for 
11/2 -* 7/2 with -0.13 £  6 £  0.03 and -21.5 £  6 <_ -5.1. However, 
with the lifetime of 670 *  positive parity can be rejected as
3
it implies an M2 enhancement of ^ 1.8 x 10 W.u. A 11/2 assignment 
with -21.5 <_ 6 <_ -5.1 can also be rejected as it gives an M3 enhancement
Figure 3.4 Angular distribution results for the 1468 keV 
y-ray. The curve through the data points 
corresponds to the Legendre polynomial fit 
quoted in the text. The hatched line in the 
X 2 plot denotes the 0.1% confidence level.
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8 -  of about 10 W.u. On the other hand, the 11/2 assignment with
+ 45-0.13 <_ 6 <_ +0.03 gives a reasonable E2 enhancement of 18.7 ^*y W.u.
Thus we conclude that the J71 of the 1468 keV level is 11/2 and the 
transition to the ground state is pure E2.
3.3.6 The 1521 keV level
Iyengar et al. (Iy 70) observed a level in 45Ti at an 
excitation energy of 1521 ± 2 keV in the neutron spectrum from the 
45Sc(p,n)45Ti reaction. This level decays via a 1484 keV y-ray to 
either the 37 or 40 keV level. Since the energy of the level is 
not known sufficiently precisely it is not possible to determine 
whether the 37 or 40 keV level is the final state. The presence of 
a Doppler-broadened 1524 keV y-ray from the 45Sc (p,a)42Ca reaction 
obscured any possible ground state transition which would have allowed 
a precise energy determination for the level. No transitions to other 
levels were observed in the present study.
The 1521 keV level is very weakly populated compared to the 
1353 or 1468 keV levels. If the (p,n) reaction proceeds via a 
statistical compound nucleus process the low yield to this level 
indicates a spin of <_ 3/2 or ^ 13/2. However, if the spin of the 
level were ^ 13/2, the y-decay should have a large component 
(y 0.3) in the angular distribution. Since the experimental distribu­
tion of the 1484 keV y-ray is W(0) = 1.0 + (0.03 ± 0.09) P^CcosS), which 
is consistent with isotropy, the state most probably has J <_ 3/2.
It is not possible to determine the parity of the 1521 keV 
level from the transition strengths implied by the mean lifetimes.
A positive parity assignment and the mean lifetime of 670 ± 164 fs
_3
(see Chapter 4) lead to an El strength of about 2.5 x 10 W.u. while 
a negative parity one leads to an Ml strength of ^ 0.10 W.u. Either 
value is reasonable. Since the mixing ratio is not known, the 
quadrupole strengths cannot be used to discriminate between the two 
parities. However, an M2 admixture of as little as 5% would be 
sufficient to reject positive parity.
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3 .4  DISCUSSION
F ig .  3 .5  g iv e s  a com parison between th e  ex p e r im en ta l  l e v e l  
scheme d e r iv e d  from p r e s e n t  and p re v io u s  work and th e  l e v e l  schemes 
p r e d ic t e d  by M alik and Scholz (Ma 66) and by Jo h n sto n e  (Jo 69). I t
77 - —
can be seen  t h a t  th e  p r e d ic te d  l e v e l s  hav ing  J  o f  9 /2  and 11/2 do 
occur a t  1353 and 1468 keV r e s p e c t i v e l y .  The most i n t e r e s t i n g  r e s u l t  
from th e  p r e s e n t  work i s  t h a t  th e  s p in  o f  th e  40 keV l e v e l  i s  most 
l i k e l y  7 /2  or 9 /2  r a t h e r  th a n  5 /2  as  has been p r e v io u s ly  s p e c u la te d  
(Je 68, Ly 70, B1 69) and p r e d ic te d  by th e  v a r io u s  c a l c u l a t i o n s  
(Ma 66, Jo  69). The l e v e l  a t  744 keV, which has been shown (Iy  70) 
to  have a s p in  o f  5 /2 ,  could be th e  p r e d ic te d  5/2 l e v e l .  A l t e rn a ­
t i v e l y ,  th e  744 keV l e v e l  cou ld  be th e  5 /2 + member o f  a k = 3/2 
p o s i t i v e  p a r i t y  band based on a (d3/2) h o le  s t a t e  (Lu 68, Ka 64) 
a t  330 keV. From th e  decay scheme a lo n e ,  th e  1226 keV le v e l  cou ld  
be th e  7 /2 + member o f  such a band. B la s i  e t  a l .  (B1 71) su p p o r t  
t h i s  l a t t e r  h y p o th e s i s .
A more d e t a i l e d  e v a lu a t io n  o f  th e  l e v e l  scheme o f  45Ti in  
term s o f  such a d e s c r i p t i o n  must aw a it  J  a ss ig n m en ts  and e l e c t r o ­
m agnetic  t r a n s i t i o n  r a t e s  measurements f o r  th e  744 and 1226 keV l e v e l s ,  
in  p a r t i c u l a r ,  and f o r  th e  l e v e l s  around 2 MeV.
Figure 3.5 Experimental level scheme derived from the 
present and previous work along with the 
theoretical predictions of Malik and Scholz 
(Ma 66) and Johnstone (Jo 69).
Fig. 3.5
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CHAPTER 4
LIFETIME MEASUREMENTS
4.1 INTRODUCTION
Nuclear excited states do not have truly sharp energy values. 
The energy width T of the state is related to the square of the sum of 
the relevant matrix elements for the different modes of possible decay. 
As the energy width V and the mean life t of the state are connected by 
r = Ü/ , the nuclear matrix elements can be obtained for comparison 
with theoretical nuclear models from direct time measurements as well 
as from total width measurements.
The technique for measuring the lifetime of a nuclear state
will depend on the magnitude of the lifetime. The highly excited
states which are unstable to the particle emission decay extremely
rapidly and usually the mean life is shorter than 10 20 sec (En 66).
For bound states, however, where the de-excitation usually takes place
through the emission of electromagnetic radiation, the lifetimes are
much longer; that is, from about 10 sec to a few years (En 66).
Until recently the lifetimes accessible by available techniques were
limited to those of the bound states only; the relevant time being 
-15t  ^ 10 sec. The use of the blocking effect in single crystals, 
however, has extended the range of direct determination of the lifetime 
to the unbound states in the compound nuclei in nuclear reactions.
The technique can be useful down to the lifetime of the order of 
10'18 sec (Ma 70, Gi 70, Ko 72).
For reasonably long lifetimes of nuclear states, the direct
counting techniques that observe either the exponential decay of a
large sample of excited nuclei or the decrease in the counting rate
from a given source as a function of time can be used. With fast
electronic circuitry, this method can be used for measuring mean
-11lives down to approximately 10 sec.
-3For the lifetimes in the range 10 > x > 10 sec, the
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most common method used i s  based on th e  o b s e rv a t io n  o f  a c o in c id e n c e  
r e l a t i o n s h i p  between a fo rm a t io n  p u ls e  and th e  d e - e x c i t a t i o n  p u ls e  
f o r  th e  l e v e l  o f  i n t e r e s t .  When an even t i s  r e c o rd e d ,  th e  d e la y  t im e ,  
o f  co u rs e ,  r e p r e s e n t s  e x a c t ly  th e  l i f e t i m e  o f  th e  s t a t e  g iv in g  r i s e  
to  th e  e v e n t .  The d i s t r i b u t i o n  o f  th e  ev en ts  measured as  a f u n c t io n  
o f  tim e d e la y  y i e ld s  th e  mean l i f e t i m e  t o f  th e  s t a t e .  T h is  te c h n iq u e  
has been u t i l i z e d  h e re  to  e l u c id a t e  th e  c o n t ro v e r s y  over  th e  e x i s t e n c e  
o f  an iso m eric  s t a t e  a t  ap p ro x im a te ly  188 keV e x c i t a t i o n  in  70Ga 
(Go 59, Mo 59, G1 59, Me 66, ND 66, Mo 63, Sa 70, Li 69, Do 70, F i 70,
Ta 70) ,  and to  m easure th e  l i f e t i m e  o f  th e  l e v e l  a t  878 .6  keV ( th e  
a l t e r n a t e  sou rce  o f  o r i g i n  f o r  188 keV y - t r a n s i t i o n )  e x c i t a t i o n  in  70Ga. 
F u l l  d e s c r i p t i o n  o f  th e  s tu d y  has been g iven  in  th e  S e c t io n s  4 .2  and 
4 .3  o f  t h i s  C hap ter .
The u se  o f  h ig h  r e s o l u t i o n  Ge(Li) s p e c tro m e te rs  has  g r e a t l y  
improved th e  D o p p le r - s h i f t  method o f  th e  l i f e t i m e  m easurem ents. This 
method i s  based  on th e  measurement o f  th e  f l i g h t  tim e o f  th e  e x c i te d  
n u c leu s  b e fo re  decay , r e s u l t i n g  from th e  v e l o c i t y  im parted  to  i t  i n  a 
n u c le a r  p ro c e s s .  The tim e  measured may be th e  f l i g h t  t im e  over a 
f ix e d  known d i s t a n c e  o r  th e  slow ing down tim e o f  th e  e x c i te d  n u c leu s  
in  a s o l i d  o r  gaseous medium. The method i s  u s e f u l  f o r  l i f e t i m e s  
in  th e  ran g e  o f  10 £ t ^ 10 sec .  The method has been used  in
t h i s  work f o r  th e  measurement o f  n u c le a r  l i f e t i m e s  f o r  some o f  th e  
n u c l e i  in  l f - 2 p  s h e l l s  and th e  d e t a i l s  o f  t h i s  s tu d y  have been c a p t io n e d  
in  th e  S e c t io n  4 .5  o f  t h i s  C hap te r .
The o th e r  methods, f o r  example: microwave t e c h n iq u e s ,
re so n an ce  f lu o r e s c e n c e ,  coulomb e x c i t a t i o n ,  i n e l a s t i c  p a r t i c l e s  and 
p a r t i c l e  c a p tu r e ,  which a r e  e q u a l ly  im p o rtan t  and r e l i a b l e  i n  t h e i r  
r e s p e c t i v e  r e g io n s  o f  a p p l i c a t i o n ,  have no t been d is c u s s e d  h e r e  as 
th e y  have no t been used  in  th e  p r e s e n t  measurem ents.
4 .2  PULSED BEAM METHOD
4 .2 .1  G eneral in t r o d u c t i o n
The te c h n iq u e  o f  i n v e s t i g a t i n g  n u c le a r  l i f e t i m e s  u s in g  
p u lsed  beams i s  now v e ry  common. The l i f e t i m e s  in  th e  m i l l i s e c o n d
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ran g e  can sim ply be de term ined  by p o p u la t in g  th e  s t a t e  o f  i n t e r e s t  
a t  r e g u la r  i n t e r v a l s  o f  t im e  [of th e  o rd e r  o f  a few m i l l i s e c o n d s )  and 
th e n  o b se rv in g  th e  e x p o n e n t ia l  decay in  a w ell  c a l i b r a t e d  system in  a 
m u l t i s c a l in g  mode (see  S e c t io n  4 .3 .2  o f  t h i s  C h a p te r ) .  A nanosecond
_ o
p u ls in g  system i s  needed f o r  th e  l i f e t i m e s  s h o r t e r  th a n  10 s e c .
Such a rran g em en ts ,  which a r e  in h e re n t  in  c y c l o t r o n s ,  have been developed  
f o r  s e v e ra l  Van de G ra a f f  a c c e l e r a t o r s .  G e n e ra l ly  a c c e l e r a t o r s  
produce p u ls e  w id ths  which v a ry  from s e v e ra l  nanoseconds down to  a 
f r a c t i o n  o f  a nanosecond and peak c u r r e n t s  which v a ry  from 5 mA down to  
a f r a c t i o n  o f  a yA. The spac ing  o f  th e  p u ls e s  v a r i e s  from 200 nsec  to  
2000 n s e c s .  In  th e  c l a s s i c a l  de layed  c o in c id e n c e  method, th e  s t a t e  
under i n v e s t i g a t i o n  i s  e x c i te d  by some r a d i a t i o n  which i s  r e f e r r e d  to  
as th e  p rec e d in g  r a d i a t i o n  and th e  s ig n a l  from a d e t e c t o r  r e c o rd in g  
t h i s  r a d i a t i o n  p ro v id e s  th e  r e f e r e n c e  tim e f o r  th e  p o p u la t io n  o f  th e  
s t a t e .  Here, in  th e  p u lse d  beam te c h n iq u e ,  th e  f u n c t io n  o f  p o p u la t in g  
th e  s t a t e  i s  perform ed by th e  beam b u r s t s  and th e  r e f e r e n c e  tim e f o r  
th e  e x c i t a t i o n  o f  th e  s t a t e  i s  u s u a l l y  p ro v id ed  by th e  e l e c t r i c a l  p u ls e  
which p u ts  th e  beam on th e  t a r g e t .  The Lucas H eigh ts  Van de G raa f f  
a c c e l e r a t o r ,  which was used  in  th e  p r e s e n t  s tu d y ,  however, u se s  a 
c a p a c i t i v e  p i c k o f f  to  produce t h i s  s i g n a l .  The r a d i a t i o n  by which th e  
e x c i te d  s t a t e  decays p ro v id e s  a "d e lay e d  p u l s e " .  The d i s t r i b u t i o n  o f  
tim e d e la y s  between th e  two k inds  o f  p u ls e s  i s  o f  th e  form exp (-“ ) > 
where t i s  th e  d e s i r e d  mean l i f e ,  m od if ied  by any t im in g  u n c e r t a i n t i e s  
in  th e  two p u l s e s .  The d i s t r i b u t i o n  o f  th e  tim e d e la y s  can be measured 
in  t h r e e  ways:
1) I n t e g r a l  Delayed C o inc idence  M ethod: The p rece d in g  p u ls e s
a r e  extended to  a known, v a r i a b l e  d u r a t io n  T, and p r e s e n te d ,  
a long  w ith  th e  de layed  p u ls e s  o f  r e l a t i v e l y  s h o r t  d u r a t i o n ,  
to  a c o in c id e n c e  e lem ent.  The c o in c id e n c e  r a t e  i s  measured 
as  a f u n c t io n  o f  T. The c o in c id e n c e  c o u n t in g  r a t e  a t  any 
tim e T i s  th e n  th e  i n t e g r a l  o f  th e  d e s i r e d  tim e d i s t r i b u t i o n  
from 0 to  T. The o r i g i n a l  t im e  d i s t r i b u t i o n  can be o b ta in e d
by th e  s u b t r a c t i o n  o f  th e  s u c c e s s iv e  v a lu e s  o f  T from th e  
r e s p e c t i v e  r e a d in g s .  On acco u n t o f  i t s  s u p e r io r  s t a t i s t i c a l  
accu racy  th e  d i f f e r e n t i a l  de lay ed  c o in c id e n c e  method has 
r e p la c e d  t h i s  te c h n iq u e .
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2) The Differential Delayed Coincidence Method: This technique
was first used by Jacobsen (Ja 34) in 1934 and then in its 
modern form by Jacobsen and Sigurgeirsson in 1943 (Ja 43).
In this method the preceding (unstretched) pulses are delayed 
by a time x before being presented to a coincidence circuit.
One thus detects those delayed pulses which originally 
occurred later than the preceding pulses by a time x. The 
resolving time of the coincidence circuit is the range of the 
delays near x over which the pulses are detected. If the 
time resolution of the system is shorter than the mean life 
being measured, then the desired result is measured directly 
from the counting rate (which is a function of x i.e. 
exp ( -)).
3) The Multidimensional Delayed Coincidence Method: In this
method the whole of the delay distribution is obtained in
a single measurement. For relatively longer times, digital 
timing apparatus is the most useful. Many multichannel 
pulse height analysers either possess, or can be provided with, 
inputs for use as multichannel time analysers. Digital 
devices driven by accurate clock oscillators are capable 
of extreme systematic accuracy, and are usable down to times 
of perhaps 0.1 ysec per channel.
For mean lives shorter than 'v 0.1 sec the digital 
device gives way to the ’’time to pulse height converter"
(TPHC). This device changes the time interval between 
the preceding pulse and the delayed pulse into a pulse 
whose amplitude is proportional to the interval. The 
pulses then can be fed to any suitable multichannel ampli­
tude analyser to record the time interval distribution 
i.e. the time spectrum. To obtain the time in absolute units 
the relative scale of the time spectrum will have to be 
calibrated against some standard.
The multichannel method is capable of extreme speed.
The timing uncertainties in proton beam and the radiation 
detector, rather than in TPHC circuit, are the limiting 
factors in this technique. The advantage of this method
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is the same as that of multichannel analyser over a single 
channel analyser. The whole time spectrum is measured in 
one observation. Drifts in the apparatus affect all the 
channels alike, and source decay corrections become either 
trivially easy or wholly unnecessary. In the case of the 
TPHC circuit there is one disadvantage. A drift in the 
gain or zero position in the time analogue circuitry is 
the equivalent of a time shift or a change of time scale. 
Extra care therefore is necessary near the limit of the 
technique (i.e. t - 10 11) or for high accuracy.
The multichannel method using a TPHC circuit has been 
utilized here to measure the lifetime of 188 keV transition 
in 70Ga. The details of the study have been given in 
Section 4.3.3 of this Chapter.
4.2.2 Considerations to some limiting factors
A delayed coincidence system is often characterized in 
terms of its response to prompt curve. Roughly these response curves 
can be characterized by a full-width at half maximum and an
apparent half life the approximately logarithmic slope.
In general, the width of the prompt curve is a result of the time 
discrepancies of the two channels (i.e. one for the preceding pulse 
and one for the delayed one) caused by the dimensions of the 
apparatus, the velocities of the radiations involved and the 
electronics used. It is assumed that if they are not equal for 
the two channels, the observed width may be attributed to the sum of 
the squares of the contribution of each channel. The values of the 
apparent life do not combine in this way. If the two channels do 
not have equal response, the prompt curve will not be symmetric, 
and the S-y/2 ^or eac^ side °f the prompt curve may be associated 
with the respective detector.
The preceding pulse in the pulsed beam method is an
electrical pulse synchronized with the accelerator beam pulse. A
typical value of the total transit time of protons through a Van de
-10Graaff accelerator is perhaps 'v 1500 x 10 sec. Clearly an
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appreciable spread in this time caused by either the finite dimensions 
of the apparatus or the velocity spread, or path lengths spreads can 
degrade the time resolution so as to obscure a lifetime in the 10 10 
second region.
The usual way of pulsing an accelerator is to sweep a beam 
across a slit, using a high frequency electrostatic deflector. Mobley 
showed that a properly designed deflecting magnet can compress the 
resulting beam burst in time; a slanted target can also assist in 
this compression (Mo 52). Fowler and Good (Fo 60) showed in 1960 
that the degree of time compression obtainable depends on the original 
quality of the beam, and that introducing the time compression in­
evitably involves a degradation of the other qualities such as spread 
in energy and angle, of the beam. The relation they presented resembled 
a kind of uncertainty principle. Although the time resolution with 
a pulsed accelerator is no better than that in the ordinary delayed 
coincidence method, there are other advantages. The main ones are:
1) The coincidence rate is favourable because in effect 
the preceding counter has been endowed with 100% 
efficiency, and
2) excited states can often be reached by bombardment 
that cannot be excited in radioactive decay.
The pulse shape from a Ge(Li) counter is a function of the
mobility of the carriers and the geometry of the collecting field.7The carrier velocities attain a saturation value of a. 1.5 x 10 cm/sec 
for the typically high field strengths. Thus a thickness of ^ 1 cm
for such a device will correspond to ^ 30 nsec collection time. For 
a planar detector the pulse shape gives roughly a linear slope that 
changes by a factor of 2 as charge of one sign is completely collected. 
The time of this slope change will, therefore, depend upon the region 
of absorption of a y-ray in the crystal. Inhomogeneity in the field 
at the edges of the crystal will cause additional variation in the 
slope. Obviously variation in the rise times will be much more 
severe with non-planar detectors. For a planar detector with 5 mm 
depth and using leading edge timing, Graham and Ewan (Gr 64) obtained 
a time spectrum of FWHM >^^ (2 =  ^nsec and = 3 nsec for a 500 keV
y-ray.
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The variation in the amplitude and the rise time of the 
pulses is compensated by using a suitable time pickoff unit. Gorni 
et al. (Go 67) published a scheme for a time pickoff that produced 
an improvement of about 30% in the FWHM for an 8 mm deep planar 
detector. Chase has approached this problem by using a (constant 
fraction) zero-crossing technique for the derivation of the time 
signal (Ch 68). By careful choice of the delay and fraction f, 
guided by considerations discussed in ref. (Ch 68), resolving times 
a few times those expected from the ultimate noise limitations have 
been obtained. The set up used in the present experiment gave a 
time resolution of 'v 19.8 nsec at FWHM.
4.3 THE 188 keV TRANSITION IN 70Ga
4.3.1 History and motivation
In 1959 Gosset and Butler (Go 59) in their measurement of 
ratios of slow to fast neutrons following the 70Zn(p,n)70Ga reaction, 
observed two anomalies at excitation energies of 0.180 MeV and 0.50 
MeV in 70Ga. Based on these observations they postulated the 
possible existence of two levels in 70Ga at these energies. The 
latter state has been well established (Re 66, Li 69a, Do 70, Fi 70,
Sa 70, Ta 70, Ar 70, Ve 71), but the existence of the former is still 
questionable.
In the same year of 1959 Morozov and Yampolskii (Mo 59), 
using NaI(T£) counters, studied y-rays following the bombardment of 
enriched 71Ga targets with protons of about 19 MeV energy. They 
observed a y-ray of 0.19 ±0.1 MeV energy with T = 19 ± 1 msec.
From the threshold measurement of Ep ~ 9 MeV for this transition, 
Morozov and Yampolskii concluded that the y-ray transition is produced 
in the 71Ga(p,n)70Ga reaction not in the reaction 71Ga(p,n)71Ge which 
has a Q-value of only --1.2 MeV. Their attribution of this transition 
to an isomeric state in 70Ga, thus supported the postulation of 
Gosset $ Butler (Go 59).
Glagolev et al. observed 0.17 ± 0.01 MeV y-rays with 
Tj^2 = 16 ± 1 msec from the bombardment of metallic germanium with
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14 MeV neutrons. They suggested that y-rays seen by them and those 
seen by Morozov and Yampolskii (Mo 59) originate from one and the same 
source.
The experiment of Glagolev et al. was repeated in 1966 by 
Meyers and Schats (Me 66). They used a natural germanium target in 
the form of Ge^ 0^ and obtained T ^ ^  = 21.2 ± 1.2 msec for a 
0.18 ± 0.01 MeV y-ray, in reasonable agreement with Glagolev et al. 
(Gl. 59). This group also attributed this transition to an isomeric 
state in 70Ga populated through 7°Ge(n,p)70Ga reaction.
Further support for the postulation of the possible existence 
of an isomeric state in 70Ga comes from the first systematic study of 
the excited states in 70Ga in 1966 by Rester et al. (Re 66). Their 
study of conversion electrons and y-rays following the 70Zn(p,n)70Ga 
reaction showed a relatively strong conversion line of 188 keV and a 
relatively weak y-ray of 188 keV energy. These obvservations led 
to the suggestion that the 188 keV transition was of a high multipolarity 
(L ^ 3), thus seemingly supporting the possibility of the existence of 
a level at 188 keV in 70Ga.
The 1966 Nuclear Data Sheets (ND 66), however, attribute 
these lifetime measurements to the 198 keV, 9/2+ state in 71Ge, which 
is known to have a half life of 20.2 msec. This level de-excites via 
a 23 keV y-transition to the 175 keV level, which decays in turn to 
the ground state. Morozov et al., in a later paper (Mo 63), indeed, 
reported their previous attribution of 20 msec 0.18 MeV y-radiation 
to 70Ga as incorrect due to their incorrect measurement of the 
threshold of this y-ray and that the source of 0.19 MeV y-ray is 
probably the 71Ga(p,n)71Ge reaction.
Almost all the recent experiments utilizing the 69Ga(n,y)70Ga 
(Li 69a) and 70Zn(p,ny)70Ga reaction (Sa 70, Ar 71, Do 70) agree on the 
presence of a 188 keV y-ray and also a 319 keV y-ray, which could be a 
transition between the 508 keV and 188 keV levels in 70Ga. Alternately, 
the 319 keV y-ray may be the ground state transition in 69Ga. Certainly 
as mentioned in the Section 2.6.3 of the Chapter 2, a weak y-ray of 
319.3 ± 0.8 keV was observed in the study of 70Zn(p,ny)70Ga below the 
threshold energy of 508.2 keV level in 70Ga. Gamma-gamma coincidence
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measurements from 70Z n (p ,n y )70Ga by Dohan and Summers-Gill (Do 70) 
showed th e  188 keV y - r a y  to  be c o in c id e n t  w ith  a 155 keV and a 691' 
keV y - t r a n s i t i o n .  They, t h e r e f o r e ,  su g g es t  th e  p lacem ent o f  a 188 
keV y - r a y  between th e  879 keV and 691 keV l e v e l s  in  th e  decay scheme. 
They a l s o  conclude  t h a t  th e  188 keV t r a n s i t i o n  i s  d ip o le  (+ quadrupo le )  
i n  n a t u r e ,  which i s  n o t  c o n s i s t e n t  w ith  th e  h igh  i n t e r n a l  c o n v e rs io n  
c o e f f i c i e n t  and le a d s  to  th e  s u p p o s i t io n  o f  two d i f f e r e n t  t r a n s i t i o n s  
o f  188 keV energy .
The n e u t ro n  spectrum  from th e  70Z n (p ,n )70Ga r e a c t i o n  has 
been s tu d ie d  r e c e n t l y  by s e v e ra l  groups (Ta 70, F i 70 ) ,  and no ev idence  
o f  any d i r e c t  feed  to  a l e v e l  o f  ap p ro x im a te ly  188 keV e x c i t a t i o n  has 
been found. Finckh e t  a l .  (Fi 70 ) ,  however, have r e p o r te d  th e  p re se n c e  
o f  a s t ro n g  188 keV y - r a y  in  a d e layed  spectrum  ta k e n  w ith  a Ge(Li) 
s p e c t ro m e te r .  The measurements were made fo l lo w in g  th e  70Z n (p ,n )70Ga 
r e a c t i o n  a t  = 3 .4 0 ,  3 .96  and 4 .50  MeV. The tim e window w id th  in  
th e  experim ent was 30 to  950 n s e c s .  They th e r e f o r e  have supported  th e  
p o s t u l a t i o n  o f  th e  e x i s t e n c e  o f  an iso m e ric  s t a t e  a t  188 keV e x c i t a t i o n .  
Due to  th e  absence  of any d i r e c t  n e u t ro n  feed  in  th e  (p ,n )  r e a c t i o n  
to  t h i s  s t a t e  th e y  have sugges ted  a sp in  v a lu e  J  ^ 5 f o r  th e  l e v e l .
The p r e s e n t  s tu d y  was c a r r i e d  out to  c l a r i f y  th e  s i t u a t i o n  
re g a rd in g  th e  20 msec iso m e r ic  s t a t e  i n  70Ga a t  188 keV e x c i t a t i o n  
and to  measure i t s  h a l f  l i f e  r e l a t i v e  to  th e  known 20.2  msec iso m e ric  
s t a t e  in  71Ge.
4 .3 .2  Search f o r  a 20 ms iso m eric  s t a t e  in  7QGa
4 . 3 .2 .1  E xperim enta l t e c h n iq u e s . The p ro to n  beam was p rov ided  
by th e  Lucas H eigh ts  3 MeV Van de G ra a f f  a c c e l e r a t o r .  Both d .c .  
and m i l l i s e c o n d  p u ls e d  beams were used to  re c o rd  th e  y - r a y  s in g le s  
s p e c t r a  u s in g  a Ge(Li) s p e c t ro m e te r .  For th e  measurement o f  th e  
l i f e t i m e  o f  th e  188 keV y - r a y ,  th e  Ge(Li) p u l s e s ,  as  m entioned in  
S e c t io n  4 .2 .1  o f  t h i s  c h a p te r ,  were a l s o  m u l t i s c a le d  in  a PDP7 
comput e r .
The perfo rm ance  o f  th e  system  was checked and th e  c a l i b r a t i o n  
made u s in g  th e  71G a ( p ,n ) 71Ge r e a c t i o n .  The n u c leu s  71Ge has a
Figure 4.3.1 Gamma ray singles spectrum taken with a GaO
target. The top section was obtained with a
0.5 ya d.c. proton beam of 2.5 MeV, while the
lower section was taken with beam bursts of
20 ms duration and a repetition rate of 200 ms
at E =2.5 MeV and ~ 5 ya current. The P
abrupt large changes in the count rate block 
the output of the charge sensitive preamplifier 
for a certain interval of time. The effect is 
shown by the absence of all the prompt y-rays 
from the lower section.
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Figure 4.3.2 Gamma singles spectrum obtained with enriched
70Zn target. The experimental conditions were 
the same as those in fig. 4.3.1. The lower 
section of the fig. does not show the presence 
of any delayed 188 keV y-ray.
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^1 /2  = ^ » 2  msec> 9/2  i som er ic  s t a t e  a t  198 keV energy which d e -
e x c i t e s  th rough  a 23 keV t r a n s i t i o n  to  175 keV, 5/2 l e v e l .  The
175 keV ground s t a t e  t r a n s i t i o n  from t h i s  l e v e l  was used  f o r  th e
2c a l i b r a t i o n  o f  t h e  system.  The ~ 1 mg/cm t a r g e t ,  used in  t h i s  
r e a c t i o n ,  was n a t u r a l  GaO evapora ted  onto a 0.5 mm t h i c k  Ta back ing .
Due to  a h igh  Q v a l u e ,  t h e  r e a c t i o n  69G e(p ,n y )69Ge d id  n o t  i n t e r f e r e  
i n  t h e s e  c a l i b r a t i o n  measurements.
The a c t u a l  exper iment was performed by r e p l a c i n g  t h e  GaO
t a r g e t  w i th  an en r ic h ed  70Zn m e t a l l i c  f o i l  r o l l e d  down to  a t h i c k n e s s  
2
o f  * 1.5 mg/cm .
4 . 3 . 2 . 2  R e s u l t s . F ig .  4 . 3 . 1  shows th e  two y - r a y  s i n g l e s  c a l i b r a t i o n  
s p e c t r a  t a k e n  w i th  t h e  GaO t a r g e t .  The to p  s e c t i o n  was o b ta in e d  wi th  
a 0.5 ya d . c .  p r o to n  beam o f  2 .5  MeV, w h i le  t h e  lower s e c t i o n  was 
r e c o rd e d  w i th  a p u ls ed  beam on t h e  t a r g e t .  The beam c u r r e n t  in  t h i s  
c a s e  was ~ 5 ya and th e  beam energy was kept  t h e  same as in  th e  above 
c a s e .  The e l e c t r i c a l  p u l s e s  which p u t  t h e  beam on t h e  t a r g e t  were of  
20 msec d u r a t i o n  w i th  a r e p e t i t i o n  r a t e  o f  200 msec.  The Ge(Li) 
spectrum was c o l l e c t e d  from 20 to  120 msec i n  each c y c l e .  I t  can  be 
seen from t h e  f i g .  4 . 3 . 1  t h a t  t h e  p u l s e d  beam spectrum does n o t  c o n t a i n  
peaks c o r re spond ing  to  prompt y - r a y s .  Th is  i s  because  a l a rg e  change 
in  t h e  c o u n t - r a t e  a t  t h e  in p u t  t o  t h e  charge  s e n s i t i v e  p r e a m p l i f i e r  
b locks  the  ou tpu t  f o r  a pp rox im a te ly  20 msec. Due to  t h i s  sudden 
change i n  t h e  c o u n t - r a t e ,  t h e  p r e a m p l i f i e r  w i l l  be b locked  tw ic e  in  
one c y c l e  o f  t h e  p u l s e d  beam. The f i r s t  change w i l l  be observed  a t  
t h e  beg inn ing  o f  t h e  beam b u r s t  and t h e  system w i l l  be j u s t  r e g a i n i n g  
i t s  o p e r a t i n g  c o n d i t i o n  when i t  w i l l  have a second change i n  t h e  
c o u n t - r a t e  a t  t h e  end o f  beam b u r s t .  This  e f f e c t  can be seen i n
t h e  f i g .  4 . 3 . 3  as a g a u s s i a n  shape peak n ea r  zero  t ime o f  t h e  m u l t i ­
s c a l e  mode. The to p  s e c t i o n  o f  t h e  f i g .  4 . 3 . 3  shows t h e  decay o f  th e  
71Ge 20.2 msec a c t i v i t y  on t h e  top  o f  a long l i v e d  a c t i v i t y .  The 
longer  l i v e d  a c t i v i t y  i s  p o s s i b l y  due to  t h e  477 keV y - r a y  which comes 
from th e  7L i ( n , n Ty ) 7Li r e a c t i o n  on t h e  Li p r e s e n t  i n  t h e  Ge(Li) 
d e t e c t o r  a n d /o r  th e  10B ( n , a y ) 7Li r e a c t i o n .  As can be seen  from t h e  
lower s e c t i o n  of  th e  f i g .  4 . 3 . 3  no ev idence  o f  any v 20 ms a c t i v i t y  in  
t h e  v i c i n i t y  o f  188 keV energy was found v i a  t h e  70Z n ( p , n ) 70Ga r e a c t i o n  
w i th  Ep = 2.5  MeV. The absence  o f  any de layed  188 keV y - r a y  in  t h e
Figure 4.3.3 The top section shows the decay of 71Ge 20.2 ms 
activity on top of long lived activity. The 
longer lived activity is associated with the 
478 keV y-ray which comes from 7Li(n,ny)7Li or 
the 10B(n,ay)7Li reaction. The lower section 
shows the absence of any v 20 ms activity from 
70Zn(p,ny)70Ga.
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reaction is also supported by the fig. 4.3.2, which shows the y-ray 
singles Ge(Li) spectra both for d.c. and pulsed beam from the 
70Zn(p,ny)70Ga reaction. As the lifetime for the 188 keV y-ray was 
found to be shorter than the msec range it was thought necessary to 
try the ns pulsed beam delayed coincidence technique for its measure­
ment .
4.3.3 The lifetime of the 188 keV transition
The time curve of figure 4.3.3 allowed an upper limit of 
^Y/2 <  ^msec to be placed on the 188 keV y-ray transition.
In view of the observation by Finckh et al. (Fi 70) of a 
delayed y-ray of 188 keV energy it was considered necessary to use the 
ns beam pulsing delayed coincidence to try to measure the lifetime of 
the 188 keV y-ray.
4.3.3.1 Experimental procedure. The Lucas Heights 3 MeV Van de
Graaff accelerator was used to obtain a ns pulsed proton beam. The 
proton beam pulses were of - 10 ns duration with a repetition rate 
of 1 k Hz. The average proton current was - 0.5 ya. The fast 
timing was accomplished as indicated in the block diagram of fig. 4.3.4. 
The start signal for the TPHC was derived from a capacitive pickoff 
situated at the end of the exit of the accelerator. The stop signal 
was derived from a Ge(Li) signal using an Ortec 454 timing filter 
amplifier and 463 constant fraction timing unit. Both the TPHC 
spectrum and the Ge(Li) spectrum were processed by ADC's interfaced to 
a PDP 7 computer. Several digital windows were placed on the energy 
spectrum and the corresponding TPHC spectrum was stored in the 
computer. The TPHC was calibrated using a EG, G ns delay box to 
produce known delays in the stop signal.
Fig. 4.3.5 shows the relevant part of the y-decay scheme 
of 70Ga. The energy spectrum covered the range from 40 keV to 1.0 
MeV, and the TPHC covered a range of 1000 ns. Delay curves for the 
windows on the 651 keV and 691 keV y-transitions were observed with 
a beam energy of 2.3 MeV i.e. below the threshold for the population 
of the 879 keV level, and again with the beam energy at 2.8 MeV, at
Figure 4.3.4 Block diagram of the fast electronics used in 
the ns pulsed beam delayed coincidence
measurements.
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Figure 4.3.5 Relevant y-decay scheme of 70Ga. Horizontal 
dotted lines show the positions of two levels 
suggested by previous studies (Fi 70, Do 70). 
Neither of the two levels, however, has been 
supported by the present work.
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which energy th e  879 keV le v e l  i s  p o p u la te d .  The 188 keV y - t r a n s i t i o n  
was a l s o  used to  g a te  th e  t im e  spectrum  a t  th e  h ig h e r  beam energy .
4 . 3 .3 . 2  R e s u l t s . The 651 keV and th e  691 keV y -decay  c u rv e s ,  bo th  
ta k e n  a t  th e  beam e n e rg ie s  o f  2 .3  MeV and 2.8 MeV have been shown in  
f i g .  4c3 .6 .  The d e la y  cu rve  f o r  th e  691 keV t r a n s i t i o n  a t  Ep = 2.8 
MeV g iv e s  an i n d i r e c t  measurement o f  th e  t (879 keV le v e l )  = 34 ± 4 
ns . The window on th e  188 keV y - r a y  a l s o  shows t h i s  mean l i f e t i m e .  
However, t h e r e  i s  a l s o  a = 250 ns c o n t r i b u t i o n  from th e  198 keV
t r a n s i t i o n  in  g o ld ,  produced in  th e  go ld  beam s to p ,  behind  th e  s e l f -  
s u p p o r t in g  70Zn t a r g e t .
4 .4  THE DOPPLER-SHIFT ATTENUATION METHOD.
4 .4 .1  General rem arks
The D o p p le r - s h i f t  a t t e n u a t i o n  method (DSAM) f o r  m easuring
- 1 4  - 1 1th e  l i f e t i m e s  o f  th e  e x c i te d  s t a t e s  in  th e  r e g io n  o f  10 to  10 s 
was p io n e e re d  by Devons e t  a l .  (De 55).  In  th e  most common v e r s io n  
o f  th e  method, a l e v e l  i s  p o p u la ted  in  a n u c le a r  r e a c t i o n  and decays 
by em ission  o f  gamma r a d i a t i o n .  This  gamma r a y  i s  em it ted  from a 
n u c leu s  r e c o i l i n g  in  t a r g e t  o r  t a r g e t  b ack in g ,  and i t s  energy shows 
th e  f a m i l i a r  D o p p le r - s h i f t  which depends on th e  in s ta n ta n e o u s  v e l o c i t y  
o f  th e  n u c leu s  a t  th e  tim e o f  em iss ion .  I f  th e  in s ta n ta n e o u s  
v e l o c i t y  "V M of th e  r e c o i l i n g  n u c leu s  i s  << C th e n  th e  energy E(0) o f  
th e  gamma r a y  a t  an an g le  9 w ith  r e s p e c t  to  th e  d i r e c t i o n  o f  th e  r e c o i l  
i s  g iven  by th e  w ell known f i r s t  o rd e r  D o p p le r - s h i f t  e q u a t io n
E(0) = E (90) , vt  «1 + —  cos0
4 .1
E (0) = E (90) 1 + F (t) —  cos0
where E(90) = Energy o f  th e  y - r a y  d e te c te d  a t  90°
w ith  r e s p e c t  to  th e  d i r e c t i o n  o f  th e  r e c o i l  
- energy  o f  th e  y - r a y  em it ted  from th e  e x c i te d  
n u c le u s  in  th e  s t a t e  o f  r e s t
Figure 4.3.6 Decay curves for 691 and 651 keV y-rays
taken at E =2.3 MeV and E =2.8 MeV.P P
It can be seen that the delayed activity
shown by the 691 keV y-line is present at
E =2.8 MeV but not at E =2.3 MeV.P P
This indicates that the delayed activity
originates from the 878 keV level and not
from the 691 keV one.
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V0 = i n i t i a l  v e l o c i t y  o f  t h e  r e c o i l i n g  nuc leus
and F ( t) v tV0
= t h e  a t t e n u a t i o n  f a c t o r  caused by 
t h e  s topp ing  o f  t h e  m a t e r i a l  i n  
which th e  r e c o i l  t a k e s  p l a c e .
In p r a c t i c e  we have an ensemble of  n u c l e i  r a t h e r  th a n  a s i n g l e  nuc leus  
and th e  r e s u l t  o f  t h e  Doppler  e f f e c t  depends upon th e  s t a t e  o f  motion 
o f  t h e  n u c l e i .  I f  t h e  n u c l e i  move w i th  a mean v e l o c i t y  V in  t h e  same 
w el l  d e f in e d  d i r e c t i o n ,  t h e  Doppler  e f f e c t  i s  a mean s h i f t  i n  energy ,
AE = E - E(90) where E i s  g iven  by e q u a t io n  ( 4 . 1 ) .  On t h e  o t h e r  hand 
i f  a l l  d i r e c t i o n s  of  mot ion  a r e  e q u a l ly  p r o b a b le ,  th e  r e s u l t  o f  energy 
measurement i s  a d i s t r i b u t i o n  o f  e n e r g i e s ,  about  E (90) ,  whose mean v a l u e  
i s  E(90) .  This  i s  r e f e r r e d  t o  as Doppler b r o a d e n i n g .
The most s imple a p p l i c a t i o n  o f  t h e  DSAM, t h e r e f o r e ,  w i l l  be 
to  p ic k  a r e a c t i o n  t h a t  p roduces  an ensemble o f  r e c o i l i n g  ions  which 
approxim ate  c l o s e l y  a u n i d i r e c t i o n a l  m ono-ene rge t i c  beam. The i d e a l  
r e a c t i o n s  to  o b t a i n  a com ple te ly  u n i d i r e c t i o n a l  r e c o i l  a r e  th e  c a p t u r e  
r e a c t i o n s .  The i n i t i a l  r e c o i l  v e l o c i t y  can be c a l c u l a t e d  from t h e  
k in e m a t ic s  o f  t h e  r e a c t i o n .  The observed  D o p p l e r - s h i f t  i n  th e  y - r a y  
energy in  t h i s  ca s e  can be r e l a t e d  t o  t h e  r e c o i l  v e l o c i t y  (which i s  in  
t h e  beam d i r e c t i o n )  w i th  e q u a t io n  ( 4 . 1 ) .  The Doppler  s h i f t  observed  
i n  t h e  c a p t u r e  r e a c t i o n s  i s  u s u a l l y  small  due t o  t h e  small  v a lu e  of  
t h e  r e c o i l  energy.
The o t h e r  ty p e  o f  r e a c t i o n s ,  which produce an ensemble o f  
r e c o i l i n g  ions  t h a t  approx im ate  c l o s e l y  a u n i d i r e c t i o n a l  m ono-ene rge t i c  
beam, a r e  t h e  endothermic r e a c t i o n s .  Bombarding energy i n  t h e s e  
r e a c t i o n s  can be a d j u s t e d  j u s t  above t h e  t h r e s h o l d  o f  t h e  l e v e l  under 
s tudy  so t h a t  th e  u n c e r t a i n t i e s  a s s o c i a t e d  w i th  t h e  spread  i n  r e c o i l  
d i r e c t i o n  and energy a r e  small  compared to  o t h e r  u n c e r t a i n t i e s .  In 
such a case  th e  r e a c t i o n  w i l l  p redom inan t ly  proceed th ro u g h  a compound 
nuc leus  p ro c e s s  and t h e  d i s t r i b u t i o n  o f  t h e  i n e l a s t i c a l l y  s c a t t e r e d  
p a r t i c l e s  w i l l  be symmetric about  90° i n  t h e  c.m. system. The 
v e l o c i t y  term Vq i n  e q u a t io n  (4 .1 )  w i l l ,  t h e r e f o r e ,  be t h e  average  
component along t h e  beam d i r e c t i o n  o f  t h e  i n i t i a l  v e l o c i t y  o f  t h e  
r e c o i l i n g  ions  which i s  e q u i v a l e n t  to  t h e  v e l o c i t y  o f  t h e  c e n t r e  o f
m ass .
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In the other general reactions of the type X(a,b)Y the 
recoil direction is not unique but varies with the direction of 
emission of "b". The gamma-ray lines from an ensemble of nuclei 
produced through such a reaction, will show both a broadening and a 
shift. However a unique recoil direction of the "Y" can be defined 
experimentally by observing the emitted gamma ray in coincidence with 
the emitted particle "b", with the particle detector kept at a fixed 
angle relative to the beam. A disadvantage of this method, however, 
is the low counting rate.
4.4.2 Attenuation factor
It has been shown in equation (4.1) that the Doppler-shifted
energy of the gamma ray depends on the instantaneous velocity V and
V rtherefore on the attenuation factor F(x) = t. In practice, we have
V
an ensemble of recoiling nuclei rather than a single nucleus. 
Instantaneous velocity V is, therefore, replaced by the mean instan­
taneous velocity V for the nuclei. The value of V^, in turn, is a 
function of slowing down time (or in other words stopping power) of 
the material in which recoil takes place and the lifetime x of the 
level.
When the lifetime x of the excited level is much shorter than 
the slowing down time the recoiling nuclei will not have slowed down 
significantly before decaying. In this case the observed shift will 
be the maximum permitted by the kinematics and is referred to as the 
"full" or "unattenuated" Doppler shift. When the lifetime x is much 
longer than the slowing down time, the nuclei will, essentially, have 
come to rest before decaying and no Doppler shift will be observed.
If the life time of the state is of the order of the slowing down time, 
an attenuated shift will be observed and will lie between the above two 
extremes.
Slowing down process depends not only on the material in 
which the recoil is taking place but also on the recoil velocity.
For the high initial recoil velocity (about 1% or more of the velocity 
of light) the moving ion loses most of its energy in collisions with 
electrons of the stopping material so that the collisions with the
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n u c l e i  can u s u a l l y  be n e g le c te d  CB° 48 ) .  With much lower i n i t i a l  
r e c o i l  v e l o c i t i e s  and small  Doppler  s h i f t s ,  t h e  e f f e c t  o f  n u c l e a r  
c o l l i s i o n s  can no longer  be n e g l e c t e d .  Nuclea r  c o l l i s i o n s  a f f e c t  
t h e  Doppler  s h i f t  i n  two ways; ( i )  p a r t  o f  t h e  k i n e t i c  energy o f  
t h e  moving ion  i s  l o s t  i n  t h e  c o l l i s i o n  and ( i i )  t h e  d i r e c t i o n  of  
mot ion o f  th e  ion  i s  changed th rough  a s c a t t e r i n g  a n g l e  cf> and con­
s e q u e n t l y  th e  observed Doppler  s h i f t  i s  changed by a f a c t o r  cos<|>. I t  
has  been shown t h a t  i n  most c a s e s ,  t h e  s c a t t e r i n g  a n g le  a f f e c t s  t h e  
Doppler  s h i f t  more t h a n  does t h e  energy lo s s  due t o  n u c l e a r  c o l l i s i o n s  
(B1 66).
The mean v e l o c i t y  V o f  t h e  n u c l e i  a t  t h e  t ime o f  gamma 
em iss ion  i s  gh /en  in  terms o f  t h e  mean l i f e t i m e  t o f  t h e  e x c i t e d  
s t a t e  by
Vt
-t_
e 1 d t 4 .2
Hence th e  a t t e n u a t i o n  f a c t o r  F ( x ) , as  d e f in e d  in  e q u a t io n  (4 .1 )  i s  
g iven  by
or
F(x)
F ( t)
Vo
-t_
e T d t
-It
eT d t 4 .3
As mentioned above t h e  n u c l e a r  c o l l i s i o n s  have g r e a t e r  e f f e c t  on 
Doppler  s h i f t  th rough  th e  s c a t t e r i n g  an g le  i t  w i l l  have to  be 
inc luded  by i n s e r t i n g  a f a c t o r  coscj) i n t o  t h e  i n t e g r a n d  o f  ( 4 . 3 ) .
Hence a t t e n u a t i o n  f a c t o r  F ( x ) , i n c lu d in g  t h e  s c a t t e r i n g  ang le  e f f e c t ,  
w i l l  be g iven  by
f  ___ -vx
F (x) = — I V costJ)(t) e d t  4 .4
O
I f  t h e  f u n c t i o n a l  forms f o r  V and coscj) ( t )  a r e  known, t h e  v a r i a t i o n  
of  F(x) can be c a l c u l a t e d  from t h e  above e x p re s s io n .  The r e s u l t i n g
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F(x) v a lu e s  range  from u n i t y  t o  ze ro .  The former e x t r e m i ty  co r responds  
t o  t h e  l i f e t i m e  much s h o r t e r  tha n  t h e  slowing down t im e ,  and t h e  l a t t e r  
to  th e  l i f e t i m e  much longer  t h a n  th e  slowing down t ime .
E x p e r im en ta l ly  F(x) may be o b ta in e d  by measuring th e  
Doppler  s h i f t  between a p a i r  o f  a n g le s  when th e  n u c l e i  r e c o i l  i n  th e  
s o l i d  and d i v i d i n g  i t  by t h e  c a l c u l a t e d  f u l l  s h i f t .  The exper im en ta l  
F ( t) i s  th e n  compared w i th  t h e  c a l c u l a t e d  F ( t ) t o  o b t a i n  a l i f e t i m e .
The p r e c e d in g  d i s c u s s i o n  makes i t  c l e a r  t h a t  one o f  t h e  most 
im por tan t  f a c t o r s  invo lved  i n  e x t r a c t i n g  t h e  mean l i f e t i m e  u s in g  t h e  
DSAM i s  th e  dependence on t ime o f  t h e  v e l o c i t y  o f  t h e  r e c o i l i n g  n u c l eu s .  
The r a t e  o f  change o f  v e l o c i t y ,  ^V/ d t ,  can be o b ta in e d  from measured 
s to p p in g  powers,  by (j^-) = (jy) (dE/dX). For h igh  i n i t i a l  r e c o i l  
v e l o c i t i e s  o f  th e  o rde r  o f  a few p e r c e n t  of  t h e  speed o f  l i g h t ,  s to p p in g  
powers have been measured e x p e r i m e n t a l l y  by many workers  (Po 61, Or 65, 
Fa 66) .  For t h e  r e c o i l  v e l o c i t i e s  o f  t h e  o rd e r  o f  0.5% or l e s s  o f  th e  
speed o f  l i g h t ,  however, exper im en ta l  d a t a  on s to p p in g  powers a r e  s can t  
and t h e o r e t i c a l  e x p re s s io n s  must be used .  This  i s  t h e  major  source  
o f  u n c e r t a i n t y  i n  t h e  l i f e t i m e s  de te rmined  by th e  D o p p l e r - s h i f t  
a t t e n u a t i o n  method.  The th e o r y  o f  t h e  atomic  c o l l i s i o n s  developed  by 
Lindhard ,  S c h a r f f  and S c h i o t t  (Li 63) t a k e s  bo th  t h e  e l e c t r o n i c  and 
n u c l e a r  c o l l i s i o n s  o f  t h e  ions  i n t o  account  and has  been used in  t h e  
computer  program t o  c a l c u l a t e  F ( i )  v a l u e s  i n  t h e  work d e s c r ib e d  in  
S e c t io n  4 .5  o f  t h i s  c h a p t e r .  The program a l s o  t a k e s  t h e  fo rm u l a t io n  
o f  cos (cj>) due to  Blaugrund (Bl 66) i n t o  a cc oun t .  The d e t a i l s  o f  t h e  
fo rm u l a t io n s  f o r  t h e s e  t h e o r e t i c a l  e x p re s s io n s  can be found in  the  
r e f .  (Li 63) and r e f .  (Bl 66).
4 . 4 . 3  Sources  o f  u n c e r t a i n t i e s
The eq u a t io n  (4 .1 )  p r e d i c t s  t h a t  t h e r e  i s  no energy s h i f t  
a t  0 = 90° to  t h e  r e c o i l  d i r e c t i o n .  For t h i s  r ea s o n  E(90) : t h e  
energy o f  t h e  y - r a y  d e t e c t e d  a t  90° t o  t h e  r e c o i l  d i r e c t i o n ,  has been 
used  in  p l a c e  o f  Eq , i . e .  t h e  energy o f  t h e  y - r a y  e m i t t ed  from th e  
nuc leus  a t  r e s t .  But t h i s  assumption  i s  s l i g h t l y  i n c o r r e c t  accord ing  
to  th e  complete r e l a t i v i s t i c  formula f o r  t h e  Doppler  s h i f t ,  which i s  
g iven  as
108 .
n - ß2r 2E(0) = E — / ■ J ■' 4 .5v o 1 - ßcose
vt
where ß = — , and 6 i s  th e  an g le  o f  y -e m is s io n  r e l a t i v e  
to  th e  r e c o i l  d i r e c t i o n  in  th e  la b o ra to r y  
r  e f er  enc e f ra m e .
Formula (4 .5 )  p r e d i c t s  a t r a n s v e r s e  or second o rd e r  Doppler s h i f t  a t  
(0 = 90°) o f
(AE)Tr = (E(90°) - Eo) = Eq [(1 - ß2) 1'2 - 1] 4 .6
The low v a lu e s  o f  "31' ,  however, make t h i s  u n c e r t a i n t y  n e g l i g i b l e  in  
com parison to  th o s e  from o th e r  s o u rc e s .
As m entioned in  th e  p re c e d in g  s e c t i o n ,  th e  major so u rce  o f  
u n c e r t a i n t y  i s  th e  u se  o f  t h e o r e t i c a l  e x p re s s io n s  f o r  t h e  s low ing down 
p ro c e ss  where t h e r e  a r e  no ex p er im en ta l  d a ta  a v a i l a b l e .  In th e  
d im e n s io n le ss  q u a n t i t i e s  d e f in e d  by Lindhard e t  a l .  (Li 63) th e  
s to p p in g  power can be s e p a ra te d  in t o  an e l e c t r o n i c  and n u c le a r  p a r t :
= (deV e  + • 4 ’7
U su a l ly  t h i s  com bination  ( p a r t i c u l a r l y  th e  n u c le a r  p a r t )  i s  n o t  known
e x p e r im e n ta l ly .  At h igh  i n i t i a l  r e c o i l  v e l o c i t i e s  (V0 / * few
'  C
p e rc e n t )  and slow ing  down in  l i g h t  m a t e r i a l s ,  however, o n ly  th e  
e l e c t r o n i c  p a r t  i s  im p o r ta n t .  This  i s  g iv en  by
f—1d p J e K / e 4 .8
where e and p a r e  d im e n s io n le s s  q u a n t i t i e s  d e f in e d  by LSS f o r  energy 
and d i s t a n c e  and
K 0.0793 I 7 ^ 2  7 ^ 21 2 (A1 + a 2)
*2
( Z d p r i  J/2
4 .9
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The i n d i c e s  1 and 2 r e f e r  t o  th e  ion  and s topp ing  m a t e r i a l  r e s p e c t i v e l y .
7^6
L1T h e o r e t i c a l l y  (Li 63 ) ,  = Z ' b . Experiments by Ormrod e t
a h  (Or 63, Or 65) and F a s t ru p  e t  a l . (Fa 66 ) ,  who measured t h e  
e l e c t r o n i c  s topp ing  c ro s s  s e c t i o n  f o r  v a r i o u s  io ns  i n  ca rbon  as a 
f u n c t i o n  o f  ion  v e l o c i t y  show t h a t  £e (2^) o s c i l l a t e s  around t h e  
t h e o r e t i c a l  v a l u e  Zj^5 , and a l s o  t h a t  g e n e r a l l y  depends on th e  ion
The r e s u l t s  of  Ormrod e t  a h  (Or 65) show t h a t  i sv e l o c i t y .
independen t  o f  Z^» The d e v i a t i o n s  o f  t h e  exper im en ta l  v a lu e s  from t h e  
t h e o r e t i c a l  ones f o r  t h e  s to p p in g  power a r e  g e n e r a l l y  no t  l a r g e r  th a n  
20%.
Fur therm ore ,  Bell  e t  a l .  has  shown t h e  n e c e s s i t y  t o  i n t r o d u c e  
a r e d u c t i o n  f a c t o r  to  t h e  Lindhard e t  a l .  (Li 63) n u c l e a r  s to p p in g  
power in  o rd e r  t o  p r e d i c t  measured r an g e  v a l u e s  (Be 69).  For t h e  low 
v a l u e s  invo lved  in  the  work r e p o r t e d  i n  t h e  nex t  s e c t i o n  t h i s  c o r r e c t i o n  
f a c t o r  appea rs  t o  be as low as 0 .75 .  Thus t h e  s to p p in g  power used 
in  t h e  computer  c a l c u l a t i o n s  o f  F ( t ) g e n e r a l l y  t a k e s  t h e  form
dE
---------- —
dX f  (— ) eMXJ e f  (— ) n dXm 4.10
where t h e  c o r r e c t i o n  f a c t o r s  f g and f ^  m u l t i p l y  t h e  co r re sp o n d in g  
t h e o r e t i c a l  v a l u e s  of  Lindhard  e t  a l .  (Li 63) .  Although t h e  range  
p r e d i c t i o n s  i n d i c a t e  th e  need f o r  t h e  f  f a c t o r  t h e  s i t u a t i o n  
w i th  r e g a rd  to  mean l i f e t i m e  i s  no t  so c l e a r .  A comparison o f  mean 
l i f e t i m e s  d e r iv e d  from low r e c o i l  v e l o c i t y  (3 = 0.002) and medium to  
h igh  r e c o i l  v e l o c i t y  (3 = 0 .01)  does not  show up t h e  expec ted  dependence 
on f  . The s c a t t e r  in  r e p o r t e d  v a l u e s  o f  -  50% overshadows th e  
a n t i c i p a t e d  e f f e c t  o f   ^ 15%.
A f u r t h e r  u n c e r t a i n t y  a r i s e s  i n  th e  measurement o f  t h e  
exper im en ta l  F ( x ) , th rough  t h e  a n g u la r  d i s t r i b u t i o n  o f  t h e  i n e l a s t i c a l l y  
s c a t t e r e d  nucleon  i n  a r e a c t i o n  o f  t h e  (p ,n )  ty p e  used in  t h e  p r e s e n t  
work. Häusser  e t  a l .  (Hä 68) have shown t h a t  t h e  e f f e c t i v e  r e c o i l  
v e l o c i t y  and th u s  th e  c e n t r o i d  p o s i t i o n  i s  s e n s i t i v e  t o  whether  t h e  
a ngu la r  d i s t r i b u t i o n  i s  asymm etr ica l  around 90° in  th e  c e n t r e  o f  mass 
system. For an asymmetry in  t h e  c e n t r e  o f  mass system o f
W(4>a ) = 1 + a cos 6Ya
t h e  e f f e c t i v e  v e l o c i t y  o f  r e c o i l  f o r  a y - d e t e c t o r  p l a c e d  a t  9 = 0 
i n  t h e  l a b .  sy s tem  i s  g i v e n  by
110 .
V = 
e f f
(a cos  <j> ) coscj)
Si Si d n) /
i .  e . V = 
e f f
4 .1 1
where Vcm i s  t h e  v e l o c i t y  o f  t h e  c e n t r e  o f  mass o f  t h e  sy s te m  and 
V i s  t h e  r e c o i l  v e l o c i t y  i n  t h e  c e n t r e  o f  mass sys te m .
T h e r e f o r e  t h e  e n e rg y  o f  a y - r a y  d e t e c t e d  a t  0° t o  t h e  beam 
d i r e c t i o n  w i l l  be  g i v e n  by
ECO) 1 + F(V + cose   ^ cm 3 4 . 1 2
The c y l i n d r i c a l  symmetry o f  t h e  s y s te m ,  however ,  l e a d s  t o  a Dopple r  
b r o a d e n i n g  o f  t h e  peak  f o r  t h e  0 = 90° bu t  no c e n t r o i d  s h i f t .
Hauser  e t  a l . (Ha 68) e s t i m a t e d  t h e  e r r o r  i n  F(x)  due  t o  t h e  u n c e r t a i n t y  
i n  t h e  p r o t o n  d i s t r i b u t i o n  i n  t h e i r  work u s i n g  t h e  26Mg, 26A £ ( p , p ’y) 
r e a c t i o n s  t o  be  l e s s  t h a n  5%. As d i s c u s s e d  i n  S e c t i o n  4 . 5 . 3  o f  t h i s  
c h a p t e r  t h i s  t y p e  o f  e r r o r  i n  F ( r ) ,  i n  t h e  p r e s e n t  s t u d y  h a s  been  
assumed t o  be n e g l i g i b l e .
For  t h e  low i n i t i a l  r e c o i l  v e l o c i t i e s  a s  i n v o l v e d  i n  t h e  
work d e s c r i b e d  i n  t h e  S e c t i o n  4 . 5 . 3 ,  d r i f t s  o f  t h e  g a i n  and t h e  z e ro  
c u t  o f f  i n  t h e  e l e c t r o n i c  sy s tem  can  be  a n o t h e r  i m p o r t a n t  s o u r c e  o f  
e r r o r .
4 . 5  APPLICATIONS OF DSAM
4 . 5 . 1  I n t r o d u c t i o n
The s t u d y  o f  t h e  l o w - l y i n g  s t a t e s ,  t h e i r  s p i n  p a r i t y
a s s i g n m e n t s  and de c ay  s t r u c t u r e  i n  62Cu, 70Ga and 45T i ,  u s i n g  t h e  
(p ,n y )  r e a c t i o n s  h a s  been  d i s c u s s e d  i n  C h a p te r  2 and C h a p t e r  3 o f  
t h i s  m a n u s c r i p t .  The p a r a m e t e r s  have  a l s o  been  w e l l  i n v e s t i g a t e d
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p r e v i o u s l y  in  64Cu th rough  th e  r e a c t i o n s  ( d , p ) , ( d , t )  (Hj 67) ,  t h e  
r e a c t i o n  (n,y)  (Sh 68) and th e  (p ,ny)  r e a c t i o n ,  To f a c i l i t a t e  
any f u t u r e  t h e o r e t i c a l  approach  t o  t h e s e  n u c l e i ,  i t  was though t  n e c e s s a r y  
to  supplement t h e  abovementioned in fo rm a t io n  wi th  t h e  measurement o f  
n u c l e a r  l i f e t i m e s .  The measurements were c a r r i e d  out  u s in g  t h e  
D o p p l e r - s h i f t  a t t e n u a t i o n  method.  The l e v e l s  under i n v e s t i g a t i o n  
were e x c i t e d  th rough  (p ,ny)  r e a c t i o n s .  The advan tages  o f  u s in g  t h e  
(p,ny) r e a c t i o n  a r e :
i )  t h e  r e a c t i o n  i s  an endothermic one.  The ad ju s tm en t  o f  
t h e  bombarding energy  t o  j u s t  above t h e  t h r e s h o l d  of  
t h e  l e v e l  o f  i n t e r e s t  produces  an ensemble o f  r e c o i l i n g  
n u c l e i  which approx im ate  c l o s e l y  to  a u n i d i r e c t i o n a l  
beam so t h a t  t h e  u n c e r t a i n t i e s  a s s o c i a t e d  w i th  t h e  
sp read  in  r e c o i l  d i r e c t i o n  and energy a re  small  compared 
t o  o t h e r  u n c e r t a i n t i e s .  A s imple exper im en ta l  a p p a ra tu s  
f o r  s i n g l e s  s p e c t r a ,  t h e r e f o r e ,  could  be used  i n s t e a d  of  
complex c o i n c id e n c e  o r  n e u t ro n  y - r a y  d i s c r i m i n a t i o n  
e l e c t r o n i c s .
i i )  The i n d i r e c t  f e e d i n g  o f  t h e  l e v e l  th rough  cascade  y - r a y s  
from t h e  h ig h e r  energy l e v e l s  i s  not  p r e s e n t  t o  co m p l ica te  
t h e  d a t a  a n a l y s i s .
4 . 5 . 3  Exper imenta l  t e c h n iq u e s
The A.N.U. tandem Van de G raa f f  a c c e l e r a t o r  was used  to  
p ro v id e  a p r o to n  beam f o r  t h e  l i f e t i m e  measurements i n  t h e  l f - 2 p  s h e l l  
u s in g  t h e  DSAM. The l e v e l s  i n  each n u c l i d e  under s tudy  were 
s e l e c t i v e l y  p o p u la ted  by means o f  Cp>n) r e a c t i o n s .  The exper im en ta l  
p rocedures  adopted  i n  te rms  o f  i n d i v i d u a l  n u c l i d e s  a r e  d i s c u s s e d  
be low :
45Ti :  The t a r g e t s  used  in  t h i s  ca se  c o n s i s t e d  o f  about
_2
1.5 mg cm o f  45Sc meta l  d e p o s i t e d  in  vacuo on to  
250 ym t h i c k  t u n g s t e n  b a c k in g s .  Th is  t h i c k n e s s  o f  
45Sc ensured  t h a t ,  w i th  th e  r e a c t i o n  o c c u r r i n g  a t  t h e  
f r o n t  o f  the  t a r g e t ,  t h e  45Ti r e c o i l s  were s topped  w i th i n  
t h e  Sc i t s e l f .  For each  o f  t h e  l e v e l s  s t u d i e d ,  the
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proton bombarding energy was chosen to be only about 
50 keV above threshold in order to have the t+5Ti 
nuclei recoil in the forward direction with little 
spread in the angle (the angular spread was typically 
less than + 6° to the beam axis).
3A 36 cm Ge(Li) detector, having an intrinsic 
resolution of 2.5 keV for the 1332 keV 60Co line, 
was used to detect the y-rays. Several y-ray spectra 
were collected alternately at 0° and 135° to the beam 
direction, for each bombarding energy with beam currents 
of about 20 na and runs of 1 to 2 hours duration. These 
spectra were recorded in 4096 channels of a Nuclear Data 
ND 2200 pulse height analyser and subsequently dumped 
into the A.N.U. IBM 1800 computer for analysis. The 
gain stability of the system was monitored by simulta­
neously recording reference peaks from the combinations 
of 88Y, 22Na, 51Cr and 57Co radioactive sources.
Fig. 4.5.1 shows typical spectra taken at 0° and 
at 135° with respect to the beam direction and 
spanning the energy range from 1.2 to 1.6 MeV. Doppler 
shifts in the 1313 keV and 1353 keV y-rays are clearly 
evident.
62Cu: Targets of approximately 0.9 mg/cm2 thickness,
obtained by evaporating 99.0% enriched 62NiO on to 
125 ym thick Ta backings, were used in this part of 
the study. This thickness of Ni is sufficient to 
stop the recoiling nuclei of 62Cu within the target.
3A 30 cm Ge(Li) was placed approximately 7.3 cm 
from the target centre to record the y-ray spectra.
At least 4 sets of measurements were made at 4 
different times with this arrangement. In each set, 
several y-spectra were obtained at 0° and 120° or 
135° to the beam direction. The first 3 sets the 
measurements consisted of runs at Ep — 5.32 MeV,
5.425 MeV and 5.51 MeV. The fourth set was taken
only with a proton energy of 5.51 MeV. To monitor
Figure 4.5.1 Partial y-ray spectra taken at a proton bombarding 
energy of 4.45 MeV. The upper spectrum was taken 
at 0° to the beam direction and the lower was 
taken at 135°.
COUNTS PER CHANNEL
C*
Fig. 4.5.1
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th e  g a in  s t a b i l i t y  o f  th e  system , y - r a y s  from th e  com­
b in a t io n s  o f  57Co, 5 ICr, 137Cs and 85Zn so u rces  were 
re c o rd e d  s im u l ta n e o u s ly  w ith  th e  y - r a y  s p e c t r a  from th e  
82N i(p ,n y )82Cu r e a c t i o n .
81+Cu: Measurements in  t h i s  n u c leu s  were made u s in g  th e
same arrangem ent and s e t  up as  was used f o r  th e  82Cu
2n u c le u s .  The t a r g e t s  used  were o f  'v 0.8  mg/cm t h i c k ­
ness  and were f a b r i c a t e d  by s u c c e s s iv e  e v a p o ra t io n s  o f  
(98.6%) i s o t o p i c a l l y  e n r ic h e d  81+Ni onto 50 ym t h i c k  Ta 
b ack in g s .  Gamma-ray Ge(Li) s p e c t r a  were reco rd ed  a t  
0° and 135° to  th e  beam d i r e c t i o n .  R eference  l i n e s  
from 57Co and 137Cs or 5LfMn were used as  s ta n d a rd s  to  
d e t e c t  any g a in  i n s t a b i l i t y .
70Ga: S e l f - s u p p o r t in g  70Zn t a r g e t s  o f  abou t 1.8 mgm/cm^
mounted on a Cu frame were used  in  th e  l i f e t i m e  m easure- 
ments in  Ga u s in g  th e  DSAM. The t a r g e t s  were p re p a re d  
by r o l l i n g  m e t a l l i c  Zinc f o i l  en r ic h ed  to  67.56% in  
i s o to p e  70. Tungsten  b a c k in g s ,  however, were used on 
th e  o th e r  s id e  o f  th e  t a r g e t  frame to  s to p  th e  beam.
3
Gamma-ray s p e c t r a  were re c o rd e d  u s in g  a 40 cm 
Ge(Li) p la c e d  a t  a d i s t a n c e  o f  ^  7 cm from th e  t a r g e t .  
S ev era l  such s p e c t r a  were o b ta in e d  a t  0 ° ,  90° and 133° 
to  th e  beam d i r e c t i o n .  Gamma ra y s  from th e  88Y, 80Co and 
22Na were used  as  s ta n d a rd s  t o  m onito r  any g a in  s h i f t s .
4 .5 .4  A n a ly t ic a l  p ro ced u re
The ex p e r im en ta l  F ( t) ;  th e  r a t i o  o f  th e  a t t e n u a t e d  s h i f t  to  
th e  f u l l  s h i f t ,  was o b ta in e d  from th e  e q u a t io n
F ( t ) = Doppler s h i f t
8 E(9O°)(cos0^ - cos02)
where "Doppler s h i f t "  i s  th e  change in  th e  y - r a y  energy from th e  forw ard 
an g le  0. to  th e  backward an g le  0^ and 8 i s  th e  e f f e c t i v e  i n i t i a l  r e c o i l  
v e l o c i t y  in  u n i t s  o f  c .  A l t e r n a t e l y  F(x) was o b ta in e d  from a l i n e a r
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least squares fit to the equation [4.1].
E C 6 )  - EC90°)I1 + 3 FCt)c o sC6)]
for the angle of observation 0. The Doppler shift in any given 
transition was taken to be the average shift in calculated peak 
centroids between adjacent 0° ->■ 120° or 135° pairs of runs. Peak 
centroids for the average Doppler shift or least squares fit, were 
calculated with the A.N.U. computer programs for the analysis of 
complex spectra (Op 70a).
Several difficulties are presented by the low recoil 
velocities (3 £ 0.21%), of the nuclei under study. The full Doppler 
shift (F (t) = 1.0) calculated from equation (4.1) is quite small.
For a 1 MeV y-ray and 3 - 0.15% equation (4.1) gives 
E(0°) -> E(90°) - 1.5 keV. It was therefore necessary to monitor 
any gain or base line shifts of the electronic system. The peak 
centroids were, therefore, corrected against these changes using the 
y-rays from standard sources as mentioned in the preceding section 
(Mo 70). Theoretical curves for F(t) as a function of mean life x 
were calculated using Blaugrund's formulation (B1 66). Due to the 
low initial recoil velocities of the nuclei under study here, the 
effect of the large scattering and the nuclear contribution to the 
stopping powers were taken into account. In the absence of 
experimental stopping powers the theoretical powers of Lindhard et 
al. (Li 63) had to be used. As mentioned in Section 4.4.3 this 
introduces a large uncertainty in the results. The statistical 
errors in the F(x) values were added in quadrature to the estimated 
(^  15%) uncertainty due to the use of stopping power from Lindhard 
et al. (Li 63). Reduction factors, proposed by R. Bell (Be 69), to 
be used with the theoretical stopping powers of Lindhard et al. (Li 63) 
were taken as
f = f = 1.0 ± 0.15 (see Section 4.4.3). e n J
The densities of Sc, Ni and Zn used in calculating the 
F(x) curves were taken to be 2.99, 4.39 and 7.13 respectively.
Figure 4.5.2 F (t) vs t curve for 45Ti stopping in 45Sc, 
for a proton bombarding energy of 4.45 MeV, 
corresponding to excitation of the 1468 keV 
level.
Fig. 4.5.2.
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As th e  bombarding e n e rg ie s  in  a l l  th e  ca se s  were k ep t  on ly  
a few keV above th e  t h r e s h o ld  energy , th e  r e a c t i o n  (p ,n )  p roceeds  
dom inan tly  v i a  a compound n u c leu s  - s t a t i s t i c a l  p ro c e s s .  In  th e  case  
o f  a com plete  compound n u c leu s  mechanism th e  an g u la r  d i s t r i b u t i o n s  o f  
th e  ou tgo ing  n e u tro n s  w i l l  be sym m etrica l about 90° in  th e  c e n t r e  o f  
mass system and we would have a = 0 in  th e  e q u a t io n s  (4 .11) and (4 .1 2 ) .  
An e s t im a te  o f  th e  r a t i o  o f  th e  d i r e c t  r e a c t i o n  c ro s s  s e c t i o n  f o r  th e  
62N i ( p ,n ) 62Cu r e a c t i o n  to  th e  3+ l e v e l  a t  426 keV to  th e  H auser-Feshbach 
c ro s s  s e c t i o n  (see  C hapter 2 S e c t io n  2 .4 .3 .2 )  i n d i c a t e s  t h a t  th e  d i r e c t  
r e a c t i o n  component i s  < 0 .10  t im es  th e  H auser-Feshbach  one. This
ay
co rresp o n d s  to  a < 0 .0 5 .  Due to  th e s e  e f f e c t s  th e  v a lu e  o f  th e  (— ) 
term  in  eq u a t io n  (4 .11) i s  l e s s  th a n  0.01 t h a t  o f  te rm . We have, 
t h e r e f o r e ,  assumed th e  u n c e r t a i n t y  due to  n e u t ro n  d i s t r i b u t i o n  to  be 
n e g l i g i b l e ,  i . e .  a = 0.
4 .5 .5  R e su l ts
A summary o f  th e  ex p er im en ta l  p a ram e te rs  and th e  l i f e t i m e  
measurements i s  p r e s e n te d  in  t a b l e  4 .1 .  The e r r o r s  on th e  l i f e t i m e s  
c a p t io n e d  in  th e  l a s t  column o f  th e  t a b l e  4 .1  in c lu d e  th e  e s t im a te d  
15% u n c e r t a i n t y  in  th e  s to p p in g  powers o f  L indhard , S c h a r f f  and 
S c h io t t  (Li 63 ) ,  added in  q u a d ra tu re  w ith  th e  s t a t i s t i c a l  e r r o r s  in  
th e  F(x) v a lu e .
In th e  s tu d y  o f  th e  45T i n u c le u s ,  no s i g n i f i c a n t  Doppler 
s h i f t  was d e t e c te d  on th e  293 keV (330 -> 3 7 ) ,  707 keV (744 -> 3 7 ) ,
414 keV (744 -> 330 ) ,  896 keV (1226 -> 330) and 483 keV (1226 -> 744) 
y - r a y s .  For a l l  th e s e  t r a n s i t i o n s  th e  upper l i m i t  o f  0.1 f o r  F (t) 
co rresponds  to  th e  lower l i m i t  o f  1000 f s  f o r  th e  l i f e t i m e  o f  th e  
r e s p e c t i v e  l e v e l s .
The s t a t e  a t  1353 in  45Ti has been shown (S e c t io n  3 .3 .4  
o f  C hapter 3) to  d e - e x c i t e  v i a  a 1353 keV (91 ± 1%) ground s t a t e  
t r a n s i t i o n  and a 1313 keV (9 ± 1%) t r a n s i t i o n  to  th e  40 keV l e v e l .  
These b ranch ings  a r e  in  c lo s e  agreement w ith  th e  Iyengar e t  a l .
( Iy  70) v a lu e s  o f  94 ± 5% and 6 ± 5%. Both o f  th e s e  gamma ra y s  
showed la rg e  Doppler s h i f t s  and gave v a lu e s  f o r  F(x) o f  0.45 ± 0.02 
and 0 .46 ± 0 .0 7 ,  r e s p e c t i v e l y .  The l i f e t i m e  o f  146 ± 24 f s  f o r
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TABLE 4 . 1
SUMMARY OF EXPERIMENTAL 
PARAMETERS AND DEDUCED MEAN LIVES
N u c l e u s E
P
3 = V0 /  
(%) '  c ^ l e v e l
E
Y
F ( t ) Tf s
4 5Ti 3350 0 . 1 9 330 293 < 0 .1 > 1000
3720 0 . 1 9 744 414 < 0 .1 > 1000
707 < 0 . 1
4210 0 .2 1 1226 482 < 0 . 1 V t—* o o o
896 < 0 . 1
4340 0 . 2 1 1353 1313 0 . 4 6 ± 0 . 0 7 146 + 24
1353 0 . 4 5 ± 0 . 0 2
4450 0 . 2 1 1468 1468 0 . 1 4 ± 0 . 0 2 670
+ 164
128
4500 0 . 2 1 1521 1484 0 . 6 3 ± 0 . 0 2 79 ± 13
62Cu 5320 0 . 1 7 4 2 6 . 1 3 8 5 . 2 < 0 . 1 2 > 230
5425 0 . 1 7 5 4 8 . 2 5 4 8 . 2 < 0 . 1 0 > 250
5510 0 . 1 7 6 3 7 . 2 5 9 6 . 6 0 . 1 4 + 0 . 0 8 220
+ 400
110
64Cu 3200 0 . 1 3 6 0 9 . 0 6 0 9 . 0 < 0 . 1 5 > 175
3230 0 . 1 3 6 6 3 . 2 6 6 3 . 2 < 0 . 1 5 > 175
70Ga 3000 0 .1 1 1 2 0 3 .4 1 2 0 3 . 4 0 . 0 4 ± 0 . 0 7 > 320
0 . 1 1 1 2 4 4 . 5 1 2 4 4 . 5 < 0 . 0 5 > 720
0 .1 1 1 3 1 1 . 6 1 3 1 1 . 6 0 . 1 4 ± 0 . 0 3 245
+ 75
“ 35
0 . 1 1 1 4 4 6 .1 1 4 4 6 .1 0 . 0 8 ± 0 . 0 5 390
+ 810
132
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th e  1353 keV le v e l  c o rre sp o n d s  to  th e  w eighted  mean o f  t h e s e  F ( x ) ’ s .
Doppler s h i f t  measurements were a l s o  made on th e  1468 keV 
and 1484 keV y - r a y  t r a n s i t i o n s  d e - e x c i t i n g  th e  l e v e l s  a t  1468 keV 
and 1521 keV r e s p e c t i v e l y ,  in  45T i ,  which r e s u l t e d  in  th e  mean 
l i f e t i m e s  v a lu e s  o f  670 + and 79 -  13 f s  f o r  th e  c o r re sp o n d in g  
l e v e l s .
DSAM r e s u l t s  in  45Ti a r e  in  e x c e l l e n t  agreement w i th  th o s e  
o f  Iyengar and R obertson  ( Iy  71). The lower l i m i t s  o f  1000 f s  f o r  
330 keV, 744 keV and 1226 keV s t a t e s  a re  a l s o  supported  by th e  work o f  
B la s i  e t  a l .  (B1 7 1 ) .
In th e  62Cu n u c leu s  a mean l i f e  cou ld  be deduced o n ly  f o r  a 
s t a t e  a t  637.2 keV e x c i t a t i o n  energy . Lower l i m i t s ,  o f  230 f s  
and 250 f s ,  however, were a l s o  o b ta in e d  f o r  th e  426.1 keV and 548.2 
keV s t a t e s .
Measurements on th e  ground s t a t e  t r a n s i t i o n s  from th e  
609 .0  keV and 663.2 keV s t a t e s  in  64Cu led  to  th e  l i m i t  o f  t > 175 
f s  f o r  b o th  o f  th e s e  s t a t e s .
For th e  l e v e l s  a t  1203.4 keV and 1244.5 keV e x c i t a t i o n  
energy  in  70Ga th e  lower l i m i t s  o f  320 f s  and 720 f s  were o b ta in e d .  
Measurements o f  th e  ground s t a t e  t r a n s i t i o n s  from th e  1311.6 keV s t a t e
+ 75and th e  1446.1 keV s t a t e  gave th e  mean l i v e s  o f  245 ^  f s  and
390 + f s  r e s p e c t i v e l y .
No o th e r  work on th e  l i f e t i m e s  in  th e  ran g e  covered  by DSAM 
has been r e p o r te d  so f a r  f o r  th e  62Cu, 64Cu and 70Ga n u c l e i .
4 .6  DISCUSSION OF THE RESULTS
The use  o f  th e  n s .  p u ls e d  beam d e lay ed  c o in c id e n c e  te c h n iq u e  
has led  to  a d e te rm in a t io n  o f  th e  l i f e t i m e  o f  th e  879 keV l e v e l  in  
70Ga o f  t = 34 ± 4 n s .
The p r e s e n t  work d id  n o t  g iv e  any ev idence  s u p p o r t in g  th e  
e x i s t e n c e  o f  a l e v e l  a t  188 keV in  70Ga. The r e s u l t s  a r e  r a t h e r  in
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agreem ent w ith  th e  p re v io u s  p lacem ent (Do 70) o f  th e  188 keV y - l i n e  
l i n k in g  th e  l e v e l s  a t  879 keV and 691 keV in  70Ga. As m entioned  in  
S e c t io n  2 .7  o f  Chapter 2, th e  p a r i t y  ass ignm ent f o r  th e  691 keV le v e l  
i s  no t f i r m ly  s e t t l e d  and f u r t h e r  experim en ts  a r e  n e c e s s a ry  to  c l a r i f y  
th e  s i t u a t i o n .  The l i f e t i m e  measurement o f  th e  879 keV s t a t e  was no t 
a b le  to  a l l e v i a t e  t h i s  s i t u a t i o n .  T h is  i s  because  th e  t = 34 ± 4 ns 
v a lu e  i s  c o n s i s t e n t  w ith  b o th  e l e c t r i c  d ip o le  and e l e c t r i c  q uad rupo le  
a ss ig n m en ts  f o r  th e  188 keV t r a n s i t i o n  [879 (3) -> 6 9 1 .1 ,  2 ~ ] . I t
i s  j u s t  p o s s i b l e  t h a t  th e  measurement o f  th e  e l e c t r o n - c o n v e r s io n  
c o e f f i c i e n t  may be h e l p f u l  h e re .
The a p p l i c a t i o n  o f  th e  DSAM to  th e  y - r a y s  fo l lo w in g  th e  
Lf5S c (p ,n y )1+5Ti r e a c t i o n  gave a c o n c lu s iv e  r e s u l t  f o r  th e  mean l i f e  
o f  th e  1353 keV s t a t e  in  45T i.  As s t a t e d  in  S e c t io n  4 .5 .4  o f  t h i s  
c h a p te r  and d is c u s s e d  in  S e c t io n  3 .3 .4  o f  C hapter 3, t h i s  s t a t e  
d e - e x c i t e s  v i a  a 1353 keV (1353 -> 0; 7 /2 +) t r a n s i t i o n  and a 1313 keV 
(1353 -> 40) t r a n s i t i o n .  From th e  a n g u la r  d i s t r i b u t i o n  measurements 
on th e  1353 keV t r a n s i t i o n  th e  un ique  s p i n - p a r i t y  ass ignm ent f o r  th e
TTs t a t e  could  no t be deduced. The J  v a lu e s  o b ta in e d  from th e s e  
measurements were 11/2 , 9/2 and 9 /2 + . However, th e  l i f e t i m e  o f  
th e  l e v e l  r u le d  ou t t h e  9 /2 + and 11/2 ass ignm en ts  and gave a un ique  
J  v a lu e  o f  9/2 f o r  th e  s t a t e  (see  S e c t io n  3 .3 .4  Chapter 3 ) .  
S im i la r l y ,  a l l  v a lu e s  o f  J 71 = 5/2  , 7 /2  and 9/2 f o r  th e  40 keV s t a t e  
were p o s s ib le  from th e  a n g u la r  d i s t r i b u t i o n  measurements on th e  1313 
keV y - ra y .  The l i f e t i m e  of th e  1353 keV s t a t e ,  however, does  no t 
fav o u r  th e  9/2  -> 5/2  s p in  sequence f o r  th e  1313 (1353 40) keV
t r a n s i t i o n .  The J  = 7 /2  o r  9/2 ass ignm ent f o r  th e  40 keV s t a t e  i s  
c o n t r a r y  to  th e  p re v io u s  s p e c u la t io n s  o f  J  = 5/2  f o r  t h i s  s t a t e  
(B1 69, J e  68, Iy 71) and in  acco rd an ce  w ith  th e  n e u t ro n  a n g u la r  
d i s t r i b u t i o n  d a ta  o f  Iyengar e t  a l .  ( Iy  70 ).
TTThe c l e a r e r  p i c t u r e  from J  a ss ig n m e n ts  and th e  l i f e t i m e  
measurements a v a i l a b l e  now w i l l  p ro v id e  a more s e n s i t i v e  t e s t  f o r  
th e  v a r io u s  t h e o r e t i c a l  approaches  f o r  th e  n u c l e i  s tu d ie d  in  t h i s  
work.
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CHAPTER 5
SUMMARY AND CONCLUSIONS
The m a i n  p u r p o s e  o f  t h i s  b r i e f  c h a p t e r  i s  t o  s u m m a r i z e  more  
i m p o r t a n t  r e s u l t s  o f  t h e  e x p e r i m e n t s  d e s c r i b e d  i n  t h i s  t h e s i s  a n d  
d i s c u s s  p r o s p e c t s  o f  f u r t h e r  e x p e r i m e n t s  i n  t h i s  c o n n e c t i o n .
The r e a c t i o n  ( p , n y ) ,  a s  e x p e c t e d ,  h a s  p r o v e d  t o  b e  a  v e r y  
e f f e c t i v e  t o o l  i n  t h i s  s t u d y  f o r  d e t e r m i n i n g  m ore  c o m p l e t e  l e v e l  
s c h e m e s .  I n  t h e  62Cu n u c l e u s ,  i n  a d d i t i o n  t o  t h e  l e v e l s  an d  t h e i r  
d e c a y  scheme up  t o  t h e  e x c i t a t i o n  o f  638 keV,  p r o p o s e d  by Hoff man  and 
S a r a n t i t e s  [Ho 6 9 ) ,  two mor e  l e v e l s  a t  3 8 9 . 9  and 4 2 6 . 1  keV c o u l d  be  
e s t a b l i s h e d .  B et w ee n  t h e  e x c i t a t i o n  o f  638 keV and 916 keV i n  62Cu,  
t h e  p r e v i o u s l y  known e x c i t e d  s t a t e s  h a v e  b e e n  s u p p l e m e n t e d  b y  3 more  
l e v e l s .  The u s e  o f  t h e  Cp>nY) r e a c t i o n  h a s  r e v e a l e d  t h e  e x i s t e n c e  
o f  14 new l e v e l s  i n  66Ga u p  t o  t h e  e x c i t a t i o n  e n e r g y  o f  722 keV.
A l m o s t  a l l  t h e  s t a t e s  i n  70Ga e s t a b l i s h e d  v i a  d i f f e r e n t  r e a c t i o n s  c o u l d  
a l s o  be  p o p u l a t e d  i n  t h e  p r e s e n t  s t u d y .
The a b i l i t y  t o  a d j u s t  t h e  i n c i d e n t  e n e r g y  t o  o n l y  a  l i t t l e  
a b o v e  t h e  t h r e s h o l d  f o r  t h e  e x c i t a t i o n  o f  a n y  p a r t i c u l a r  l e v e l  o f  
i n t e r e s t  an d  t h u s  t o  i n v e s t i g a t e  t h e  i n d i v i d u a l  l e v e l s  by e x c i t i n g  them  
s u c c e s s i v e l y ,  c o n f i r m e d  t h e  e x i s t e n c e  o f  many l e v e l s  an d  t h e  i d e n t i f i c a ­
t i o n  o f  v a r i o u s  y - r a y s  i n  t h e  d e c a y  sc h e m e s .  F o r  e x a m p l e ,  t h e  2 4 3 . 3  
keV y - r a y  i n  62Cu h a s  b e e n  shown t o  b e  a  g r o u n d - s t a t e  t r a n s i t i o n  i n  
a g r e e m e n t  t o  t h e  d e c a y  scheme o f  Hoffman and S a r a n t i t e s  (Ho 6 9 ) ,  w h i c h  
i s  c o n t r a r y  t o  t h e  p l a c e m e n t  o f  t h i s  y - r a y  b e t w e e n  a  6 7 8 . 4  keV s t a t e  
an d  a  4 3 5 . 0  keV s t a t e  by V e r h e u l  (Ve 6 7 ) .  M o r e o v e r ,  no e v i d e n c e  c o u l d  
be  f o u n d  i n  t h e  p r e s e n t  d a t a  f o r  t h e  e x i s t e n c e  o f  a l e v e l  a t  682 keV 
e x c i t a t i o n  e n e r g y  i n  62Cu a s  p o s t u l a t e d  by B akhru  (Ba 6 8 ) .  S i m i l a r l y ,  
t h e  e x c i t a t i o n  f u n c t i o n  o f  t h e  9 6 . 4  keV y - r a y  i n  66Ga o b t a i n e d  by a 
s y s t e m a t i c  i n c r e a s e  i n  p r o t o n  e n e r g y  p r o v e d  t h a t  t h e  p h o t o p e a k  o f  9 6 . 4  
keV e n e r g y  h a s  a  c o m p o s i t e  s t r u c t u r e  d u e  t o  two d i f f e r e n t  t r a n s i t i o n s  
o f  t h e  same e n e r g y ,  a n d  t h u s  e s t a b l i s h e d  t h e  e x i s t e n c e  o f  two l e v e l s  a t  
1 4 0 . 3  keV and 1 6 2 . 6  keV. I n  70Ga i t  was p o s s i b l e  f r o m  t h e  s u c c e s s i v e  
e x c i t a t i o n  o f  l e v e l s ,  t o  i d e n t i f y  t h e  3 4 4 . 5  keV y - r a y  ( s e e n  a t
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Ep = 2 .5  MeV, -  1030 keV) and th e  427.2 keV y - r a y  (seen  a t  E^ = 2.95 
MeV, Ex a 1478 keV) as  th e  995.6 keV -* 651.2 keV and th e  
1306.6 keV -> 878.6  keV t r a n s i t i o n s  r e s p e c t i v e l y .  These a ss ig n m e n ts  a re  
in  c o n t r a d i c t i o n  to  th e  proposed  p lacem en ts  o f  1360 keV 1015 keV 
and 1661 keV -* 1234 keV or 1734 keV -* 1306 keV by Dohan (Do 72) .
The ground s t a t e  s p i n - p a r i t y  of 0+ in  66Ga p ro v id ed  a good 
ground f o r  th e  t e s t  o f  th e  compound nuc leus  s t a t i s t i c a l  model (Sh 66,
Sh 69) te c h n iq u e  used  in  t h i s  work to  i n t e r p r e t  th e  a n g u la r  d i s t r i b u t i o n  
m easurem ents. The absence  o f  m u l t ip o le  mixing in  th e  ground s t a t e  
t r a n s i t i o n s  means t h a t  th e  an g u la r  d i s t r i b u t i o n s  o f  th e s e  t r a n s i t i o n s  
a r e  p r e d ic te d  u n iq u e ly  by th e  compound n u c leu s  model. The o n ly  e x t e r n a l  
v a r i a b l e  i s  th e  ch o ice  o f  t r a n s m is s io n  c o e f f i c i e n t s ,  which in  t u r n  i s  
c l o s e l y  a s s o c ia t e d  w ith  th e  s e l e c t i o n  o f  o p t i c a l  model p a ra m e te r s .
The th e o ry  was worked ou t f o r  th e  p u re  m agnetic  d ip o le  t r a n s i t i o n s  o f  
108.9 keV and 381.9  keV energy  f o r  th e  c o n d i t io n s  o f  a c tu a l  ex p er im en ts .  
The t h e o r e t i c a l  v a lu e  o f  = -0 .1 8 6  f o r  th e  108.9 keV y - t r a n s i t i o n  and 
1 -> 0 sequence was found to  be in  e x c e l l e n t  agreem ent w ith  t h e  e x p e r i ­
m ental v a lu e  o f  A0 = -0 .1 8 5  ± 0 .025 . In c a se  o f  th e  381 .9  keV t r a n s i ­
t i o n ,  however, th e  ex p er im en ta l  v a lu e  o f  A^ = -0 .2 4 0  ± 0.035 i s  more th a n  
two s ta n d a rd  d e v i a t i o n s  h ig h e r  th a n  th e  t h e o r e t i c a l l y  p r e d i c t e d  v a lu e  
o f  A^ = -0 .1 7 7 .  T h e o r e t ic a l  p r e d i c t i o n s  were found to  be more 
s e n s i t i v e  to  th e  ch o ice  o f  n e u t ro n  p a ram e te rs  th a n  th o s e  f o r  p ro to n .  
Maximum v a r i a t i o n ,  however, was found to  be l e s s  th a n  2% in  t h e  p r e d ic te d  
v a lu e  o f  A^ due to  t h i s  e f f e c t .
In  70Ga, f o r  th e  1203.4 keV ground s t a t e  t r a n s i t i o n  comparison 
o f  th e  th e o ry  was made w ith  th e  ex p er im en ta l  d i s t r i b u t i o n s  a t  th e  
p ro to n  e n e rg ie s  o f  2 .85 MeV, 2 .9  MeV and 3 .1  MeV. The m ixing  r a t i o s  
f o r  a l l  t h r e e  c a se s  were found to  be c o n s i s t e n t  w ith  one a n o th e r  to  
w i th in  one s ta n d a rd  d e v i a t io n .
I t  i s  e v id e n t  from th e  d i s c u s s io n  g iv en  in  S e c t io n  2 .7  t h a t  
a more r e f i n e d  s h e l l  model, o r  some o th e r  more complex m odel, must be 
used  to  u n d e rs ta n d  a l l  known e x p e r im en ta l  d a t a .  So f a r  t h e r e  has 
been a p a u c i ty  o f  t h e o r e t i c a l  c a l c u l a t i o n s  on th e  p r o p e r t i e s  o f  th e  
odd-odd n u c le i  s tu d ie d  h e re .  Comparison o f  th e  ex p e r im en ta l  r e s u l t s  
from th e  e a r l i e r  works o r  th o s e  o b ta in e d  from th e  p r e s e n t  s tu d y  w ith  
th e o ry ,  t h e r e f o r e ,  i s  no t p o s s i b l e .  The c l e a r e r  p i c t u r e  now a v a i l a b l e
121 .
o f  t h e  low - ly ing  s t a t e s ,  t h e i r  sp in  and p a r i t y  a s s ig n m e n ts ,  and l i f e ­
t ime measurements may be o f  g r e a t  a s s i s t a n c e  t o  any f u t u r e  t h e o r e t i c a l  
approach  to  t h e  u n d e r s t a n d in g  o f  t h e s e  n u c l e i .  F u r th e r  c l a r i f i c a t i o n  
i s  however p o s s i b l e ,  and p o i n t s  o f  i n t e r e s t  a r e  d i s c u s s e d  below.
In t h e  ca se  o f  62Cu, as  mentioned e a r l i e r  i n  S e c t io n  2 . 7 ,  
t h e r e  have been two more r e c e n t  s t u d i e s  o t h e r  t h a n  t h e  one r e p o r t e d  
i n  t h i s  t h e s i s .  Bachner e t  a l . (Ba 72) have c a r r i e d  out  t h e i r  
i n v e s t i g a t i o n s  th rough  t h e  54Z n ( d , a ) 62Cu r e a c t i o n .  As t h e i r  s p in  
a ss ignm en ts  o f  1 f o r  th e  675.1 keV s t a t e  and 3 f o r  t h e  915.5 keV s t a t e  
a r e  in  d i sag reem en t  w i th  t h e  p r e s e n t  ass ignm en ts  o f  3 and (2 ) ,  t h e y  
sugges ted  t h e  p o s s i b l e  e x i s t e n c e  o f  d o u b le t s  a t  t h e s e  e x c i t a t i o n  
e n e r g i e s  i n  62Cu. G i e s l e r  and Kosanke (Gi 72) have s tu d i e d  t h e  
y - r a y s  fo l l o w in g  t h e  ß-decay o f  52Zn us ing  l a r g e  Ge(Li) d e t e c t o r s  w i th  
r e l a t i v e  e f f i c i e n c i e s  as  l a r g e  as 10.4%. As mentioned i n  S e c t io n  2 . 7 ,  
t h e  absence  of  any ß - feed  to  a s t a t e  a t  675.1 keV energy does no t  
f avou r  t h e  e x i s t e n c e  o f  a 1 s t a t e .  Hence t h e  d o u b le t  a t  675.1 keV
energy  i s  d o u b t f u l .  The p o s s i b i l i t y  o f  a d o u b le t  a t  915.5 keV, however,  
i s  s t i l l  t o  be i n v e s t i g a t e d .
In 66Ga, t h e r e  a r e  3 p r o to n s  and 7 n e u t ro n s  o u t s i d e  o f  t h e  
2 8 ^ i28 c o r e - A ground s t a t e  s p in  of  3 /2  f o r  b o th  t h e  65Ga and 67Ga 
i n d i c a t e s  t h a t  t h e  low - ly ing  s t a t e s  o f  66Ga w i l l  be formed by t h e  
coup l ing  o f  a 2p ^ 2 Photon h o le  t o  any o f  t h e  n e u t ro n  o r b i t a l s  2p ^ ^ >  
I f  ^ 2  or  2p^y2 * The ground s t a t e  s p i n - p a r i t y  ass ignment o f  0+ i n  
66Ga (Hu 57, Wo 57) f u r t h e r  su g g e s t s  t h a t  t h e  dominant  c o n f i g u r a t i o n  
f o r  t h i s  s t a t e  i s  tt C2p^^2)  ^  ^’ According to  Brennen and
B e r n s t e i n ’s r u l e  2 t h e  r e s u l t a n t  s p in  could  be e i t h e r  J  = (3/2 - 3 /2 )  
o r  J  = (3/2 + 3 /2 )  = 3. 
low e x c i t a t i o n  energy.
A 3 s t a t e  can ,  t h e r e f o r e ,  be expec ted  a t  
For t h i s  n ^ p - ^ )  *5 v ( 2 p ^ 2) * c o u p l in g ,  t h e  
n eu t ro n  c o n f i g u r a t i o n  may be | (2p ^ ^ ) ^  ^ S / 2 ^ ^ 3 / 2  ° r
3 2 2
I (2p5 / 2) (£5/ 2) (P l /2^  I 3/ 2 * Thus two s e t s  o f  s t a t e s  w i th  J  = 0,
1, 2, 3 can be expec ted  i n  t h e  l e v e l  spectrum of  66Ga. Other n e u t ro n  
c o n f i g u r a t i o n s  f o r  t h e  s e n i o r i t y  two s t a t e s  t h a t  can be expec ted  t o
0
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play part are given below:
V: '(^P3/2')o ('f 5/2')5/2 I5/2 1 , 2
V: ^ P3/2^o f^5/2^0 P^l/2^ 1/2 >1/2 ^ J = 1 ’ 2
5/2^5/2 P^ l/2^o 15/2 ^ J lf 2* 5 ’ 4 *
The above discussion makes it clear that a substantial number 
of states with J > 2 can be expected to exist at low excitation in this 
nucleus. The present study, as mentioned in Section 2.7, has presented 
the states at 393.1 keV, 424.3 keV, 552.8 keV, 598.8 keV, 617.1 keV,
720.8 keV and particularly 516.3 keV as strong candidates for J = 3 
assignments, yet no unique assignment of J = 3 or 4 could be obtained.
An experiment capable of a large angular momenta transfer may be help­
ful in this regard.
Gamma rays of 269.1 and 393.6 keV in the ^ G a  spectrum have 
been shown feeding into the level at 66.3 keV in fig. 2.5.7. They 
were not seen to be in coincidence with the 43.9 keV y-ray which de­
populates the 66.3 keV level (see fig. 2.5.7). This may indicate the 
lifetime of the 66.3 keV state is long enough to be measured by direct 
timing experiment.
From Section 2.7 and fig. 2.7.1 it is also clear that a set 
of negative parity states with J = 3, 4, 5 and 6 and positive parity 
states with high angular momentum (J = 4) are expected to exist in the 
level spectrum of 70Ga. However, no definite assignment for any state 
with J ^ 3 could be made in the present study. Another point of interest 
which has been discussed in detail in Section 2.7, is the parity of the 
691.1 keV level in 70Ga. Further experiments are required to be 
performed to clarify the situation as regards these points.
It is worthwhile to mention again here the most interesting 
result obtained through the 45Sc(p,ny)45Ti reaction. The present study 
gives the spin of 40 keV state to be either 7/2 or 9/2 which is in 
agreement with the only other experimental finding of Iyengar et al.(Iy 70)
v:  ^(^P3/2')o
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o b ta in e d  th ro u g h  n e u tro n  a n g u la r  d i s t r i b u t i o n  d a t a  from th e  (p ,n )  
r e a c t i o n .  P re v io u s ly  t h i s  l e v e l  was assumed to  be a 5/2  l e v e l  by 
v a r io u s  w orkers (Je  68, Ly 70 and B1 69). They based t h e i r  specu­
l a t i o n s ,  w ith o u t  any e x p e r im en ta l  p r o o f ,  on th e  t h e o r e t i c a l  p r e d i c t i o n  
(Ma 66, Jo 69) o f  a g r o u n d - s t a t e  t r i p l e t ,  th e  h ig h e s t  l e v e l  o f  which 
i s  a 5 /2  s t a t e .  I t  may be th e  case  t h a t  th e  l e v e l  a t  744 keV energy 
i s  th e  p r e d ic te d  5/2  s t a t e ,  o r  a l t e r n a t e l y  i t  i s  a member o f  a 
k = 3 /2  p o s i t i v e  p a r i t y  band as  sugges ted  by B la s i  e t  a l . ( B l  7 1 ) .  The
7T
J  a ss ignm en ts  and th e  e le c t ro m a g n e t ic  t r a n s i t i o n  r a t e s  f o r  th e  744 
keV and 1226 keV l e v e l s ,  and p a r t i c u l a r l y  f o r  th e  l e v e l s  around 2 MeV, 
may be h e l p f u l  f o r  a more d e t a i l e d  e v a lu a t io n  o f  th e  l e v e l  scheme o f  
45Ti in  te rm s o f  d e s c r i p t i o n s  such as  th o s e  m entioned above.
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APPENDIX 1
The u n d e r ly in g  th e o ry  based on th e  W o lfe n s te in -H a u s e r , 
F e sh b a c h -S a tc h le r  s t a t i s t i c a l  model (Wo 51, Ha 52, Sa 54, Sa 56,
Sa 58 ) ,  has been documented by Sheldon and Van P a t t e r  (Sh 66) and 
more r e c e n t l y  by Sheldon and S trang  (Sh 69).
The g e n e ra l  e x p re s s io n  f o r  an a n g u la r  d i s t r i b u t i o n  i s  g iv en  
by
-  y a P ( c o s 6 ) , A .1dft L  v v v J
where P ^ (co s0 ) ;  v = 0, 2, 4 . . . .  a r e  even o rd e r  Legendre P o ly n o m ia ls ,
0 b e in g  th e  an g le  ta k e n  w ith  r e s p e c t  t o  th e  a x i s  o f  q u a n t i z a t i o n ,  i . e .  
beam axis. C o e f f i c i e n t s  a^ t h a t  w eight th e  a n g u la r  dependen t Legendre 
te rm s a r e  th e  fu n c t io n s  o f  e n e rg ie s  and a n g u la r  momenta in v o lv ed  in  th e  
p ro c e s s .
For a compound n u c le a r  p ro c e s s  o f  th e  ty p e  (p ,n y ) ,  th e  
s y s te m a t ic s  have been shown in  f i g .  2 . 2 . 1  o f  C hap ter  2. Here v a r io u s  
s t a t e s  o f  th e  compound n u c leu s  o f  s p in  and p a r i t y  a r e  p o p u la te d  
when a t a r g e t  n u c leu s  o f  s p in  J q and p a r i t y  tto i s  bombarded w ith  p ro to n s  
having  s ^ ,  and j as  s p in ,  o r b i t a l  and t o t a l  a n g u la r  momenta r e s ­
p e c t i v e l y .  The compound n u c leu s  decays by th e  em ission  o f  n e u t ro n s  
w ith  s^ ,  S i 2 ancl j 2 as  t i^e r e s Pe c t i-ve q u a n t i t i e s ,  le a v in g  th e  r e s i d u a l  
n u c leu s  in  a s t a t e  o f  sp in  and p a r i t y  tt^ . This  s t a t e  in  t u r n  d e -  
e x c i t e s  th rough  a y - t r a n s i t i o n  o f  mixed m u l t i p o l a r i t y  L,L'  to  a s t a t e  
o f  s p in  and p a r i t y  tt^ .
For th e  n e u t ro n  d i s t r i b u t i o n s  fo l lo w in g  th e  (p ,n )  r e a c t i o n  
in v o lv in g  th e  s p in  sequence
J o Cji = * i 1 J i ( j 2 = *2 4 ^  ■ y L>L’ ) J 3 
Sheldon and Van P a t t e r  g iv e  th e  d i f f e r e n t i a l  c ro s s  s e c t io n  as
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da
dfti 4 ^  I 8 W l V d V j l) 2J2J1^ x
T P (COS0..) A.2V 1
which is a function of the scattering angle 0^ referred to the beam 
axis. Here the summation extends over j^, j ^  and v.
The energy dependent terms X and t are the rationalized 
wavelength of the incident particle in the centre-of-mass [for low 
energies, X2 = -ft2/(2ME^) = 207.3963/E^(MeV) mb] and the Hauser-Feshbach 
penetrability term
I TÄ (E) IjE
A.3
respectively. The latter takes account of compound nucleus penetra­
bilities for incident particle of energy and the emergent particles 
of energy E? in the c.m. system. The summation in the denominator 
runs over all possible decay channels of the compound nucleus.
The use of generalized transmission coefficients (Sh 63)
m
T^ in the theoretical expression (A.3), takes the spin-orbit inter­
action into account. The superscript (±) refers to the vector 
composition of spin and orbital angular momenta to a resultant 
j = & ± 12* The relationship between generalized and normalized trans­
mission coefficients is given by (Sh 63)
T* = [ U  + 1) Tf+) + i T ^ ]  / (2J. + 1) A.4
The statistical spin factor g is given by
g = Jl /(§vfQ)2 A.5
where J etc. = (2J + 1) 2.
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The momentum dependent l in k in g  terms n f o r  p a r t i c l e  t r a n ­
s i t i o n s  a re  obtained by m u lt ip ly in g  y - ray  t r a n s i t i o n  param eters  by 
" p a r t i c l e  param eters" b^ de fined  by Biedenharn and Rose (Bi 53) and by 
Devons and Goldfarb (De 57).
So th a t
nv ( j j ' J f J i ) = bv (jj.'; N) Fv (LL’Jf J . )
= (-)  £ 1 J iT?,<vO|jj,^2-1/ 2> X
W ( j j ' J . J . ; v J f ) A .6
re p re s e n ts  a nucleon t r a n s i t i o n  from JL to  J £ .
For a y -ray  o f  pure m u l t ip o l a r i ty  L l in k in g  n u c lea r  le v e ls  
o f  sp in  and J £ , the  F^ i s  given by (Fe 55)
J f - J . -1
Fv (LLJf J . )  E ( - )  1 x
<vO|LL1-l>  W(LLJi J i ; vJf ) A.7a
Here W is  a Racah c o e f f i c i e n t  and th e  b racke t a Clebsch-Gorden co­
e f f i c i e n t .  In case  of mixed m u l t ip o l a r i ty  L,L* w ith  mixing r a t i o
6
< J f Il L ' I IJ ± >
<Jf I | L | | J ±>
A .8
the  t r a n s i t i o n  parameter A^ i s  expressed in terms o f g en e ra l iz e d  F^ as
Av (LL'Jf J i ) = (1 +62) ' 1 x [Fv (LLJf J . )
+ 26 F^(LL,J f J i ) + 62 Fv (L, L 'J£J i )] A .9
where the  g en e ra l iz e d  F^ as de fined  by Biedenharn (Bi 60) i s
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J - - J . - 1
Fv (LL’J f J . )  = ( - )  1 3 .£ l * x
<vOILL11 - 1 1> WCLL, J i J i ; v J£ ) A.7b
The l i n k i n g  pa ram ete r  f o r  an unobserved  t r a n s i t i o n  o f  any 
n a t u r e  w i th  t o t a l  an g u la r  momentum L,L'  i s  g iven  by
Uv (LL’J . J f ) = (1 + fi2) -1
J  . + J   ^1 f
( - ) L W ( J . J . J £J f ; vL) + 62 ( - ) L vL’) A . 10
Hence t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  f o r  th e  y - r a y  d i s t r i b u t i o n  fo l l o w in g  
a (p>ny) r e a c t i o n  as shown in  t h e  f i g .  2 . 2 .1  w i l l  be g iven  by
da
d^2 I  *2 I g V W o V  V W l J2>
A (L L 'J_ J0) t P (cos0o) 3 2 J 2 J A . 11
in  te rms o f  emergence a n g le  0^ r e f e r r e d  to  the  i n c i d e n t  beam d i r e c t i o n .  
The t r a n s i t i o n  th rough  n e u t ro n  em iss ion  i s  unobserved  h e r e .  By u s in g  
t h e  r e q u i s i t e  Racah f u n c t i o n s  (2 .2 .1 0 )  can be reduced  t o
%  = I  n ’CW'mc«  T Pv (cose2)
w i th  summation over j ^ ,  j  ^ and v.
Here
A . 12
N* = ( - )
J  + J„  - j 0 o 3 J 2 + w ,<> . 4 / >  . 2 , ^  . 2 ,  . o  2(Jx) o p  (Jj) / CJ0) A . 13
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c  = < v o | j 1j 11/ 2 - V2>
w  = vJo) WCJ1J 1J 2J 2; v j 2)
M(6) = (1 +52) ' 1 [M(LL) + 26MCLL1) + 6 ^ ( 1 / L*')]
where
M(LL?) = LLf <vO|LL’ 1 - 1> WCJ^LL'; v j y
The Racah c o e f f i c i e n t s  vanish  u n le s s  v i s  r e s t r i c t e d  to  
0 < v < 2j ^, 2J^, 2J2> 2L'
A .14
A .15 
A . 16
2.17
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